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Abstract 
 
One of the major threats to Lake Victoria is eutrophication and an increasing proliferation of 
cyanobacteria. Many cyanobacterial species have the ability to produce toxic compounds 
(cyanotoxins), which can cause considerable hazards for animal and human health. Thus, 
blooms of toxin-producing cyanobacteria receive increased attention when developing in 
drinking water supplies and inland waters used for recreational activities. Murchison Bay is a 
30 km long embayment in the north western part of Lake Victoria, and is divided in a semi-
enclosed inner part and a wider outer part by narrows about 5 km out in the bay. The capital 
city of Uganda, Kampala, is situated close to Murchison Bay, which serves as the drinking 
water supply for the population of the city and the surrounding areas. The bay is influenced by 
local pressures like urban pollution, erosion, flooding, and wetland degradation and is the 
recipient of both industrial and municipal wastes, sewage effluents and surface runoff from 
the city.  
 
The aims of this study have been to promote the knowledge on the eutrophication and 
proliferation of cyanobacteria in Lake Victoria, to assess the possible cyanotoxin 
(microcystin) production and to describe the morphological, genetic and chemical diversity of 
cyanobacteria from Lake Victoria and other East-African water bodies. The sampling of 
Murchison Bay was carried out from November 2000 to March 2004. The study showed that 
there was a heavy loading of nutrients to Murchison Bay and there were high concentrations 
of total phosphorous (>90µg/L) and total nitrogen (>1100µg/L) in the inner part of the bay. 
There was a rapid decrease in conductivity and nutrient concentrations from the innermost 
part of the bay to the outer part of the bay. We found that surface seiches caused considerable 
water exchange with the main lake and thereby mediated the eutrophication in the Inner 
Murchison Bay. The bay is a more dynamic system than first recognized and the rapid 
transport of nutrients to the open lake indicates that Murchison Bay contributes to the 
eutrophication process of Lake Victoria. The phytoplankton community was dominated by a 
variety of cyanobacterial species and diatoms. The proportion of N-fixing species like 
Anabaena sp. was higher in the outer part of the bay whereas Microcystis sp. was more 
abundant in the inner part of the bay. There were microcystins (MC-RR, -LR, -YR) present in 
Murchison Bay, on average 1.1 µg L-1 in the inner part of the bay and 0.6 µg L-1 in the outer 
part of the bay. Based on probability analysis, Microcystis aeruginosa was identified as the 
main microcystin producer. Several cyanobacterial strains of M. aeruginosa and 
Cylindrospermopsis raciborskii were isolated from Murchison Bay and other lakes in the East 
African region and these strains were morphologically, genetically and chemically 
characterized. Phylogenetic analyses showed that the East-African strains of M. aeruginosa 
were closely related to other strains of M. aeruginosa of different geographical regions, 
whereas the phylogenetic analyses comparing C. raciborskii strains from Uganda and 
Germany to strains from other continents, revealed that strains from the same continent were 
more closely related to each other than the strains originating from different continents. Some 
of the strains of M. aeruginosa were microcystin producing, and none of the C. raciborskii 
strains were producing cylindrospermopsin.  
 
Two water works are situated at the shores of the Inner Murchison Bay. Water from different 
steps in the purification process were analysed, and microcystins were not detected. There is, 
however, a risk for exposure to microcystins for those using the lake water directly as 
drinking water and increased awareness of cyanobacterial blooms in Murchison Bay is 
needed.  
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 1
1 Introduction 
Cyanobacteria have long been recognized as an important component of the phytoplankton 
community in Lake Victoria (East Africa) and blooms of cyanobacteria have been reported 
from Lake Victoria ever since the beginning of the last century (Ostenfeld, 1908). Over the 
last five decades, Lake Victoria has experienced severe eutrophication, and mass occurrence 
of cyanobacteria has become a common phenomenon (e.g. Ochumba and Kibaara, 1989; 
Hecky and Bugenyi, 1992; Gophen et al., 1995; Lung’ayia et al., 2000; Kling et al., 2001; 
Krienitz et al., 2002). Many cyanobacterial species have the ability to produce toxic 
compounds (cyanotoxins), which can cause hazards for animal and human health (Krienitz et 
al., 2003; Bell and Codd, 1994; Kuiper-Goodman et al., 1999; Codd et al., 2005a). Thus, 
cyanotoxins especially pose a health risk when they appear in drinking water supplies and 
inland waters used for recreational activities. A recent UNESCO survey concludes that the 
overall knowledge on the occurrence of cyanobacteria and cyanobacterial blooms in large 
parts of Africa is poor (Codd et al., 2005b). Till now, only a few investigations on the 
presence of cyanotoxins have been conducted in Lake Victoria (Krienitz et al., 2002; 
Sekandende et al., 2005). The close proximity between society and nature in the Lake Victoria 
region (Fig. 1) lead to the recognition that more knowledge on toxic cyanobacterial blooms is 
of major importance.  
 
 
Figure 1 Gaba landing site at the shores of Murchison Bay, Lake Victoria 
The intention of this thesis has therefore been to promote the knowledge on the eutrophication 
and proliferation of cyanobacteria in Lake Victoria, to assess the possible cyanotoxin 
(microcystin) production and to describe the morphological, genetical and chemical diversity 
of cyanobacteria from Lake Victoria and other East-African water bodies. Our study has 
mainly been conducted in Murchsion Bay, a shallow embayment in the north-western part of 
Lake Victoria, close to the capital city of Uganda, Kampala. The bay serves as a drinking 
water supply for Kampala, but is also as a recipient of both industrial and municipal wastes, 
sewage effluents and surface runoff from the city and is shown to be strongly eutrophicated.  
 
1.1 Cyanobacteria 
Cyanobacteria, also known as blue-green algae, blue-green bacteria, cyanoprokaryots and 
cyanophytes, are photosynthetic prokaryotes comprising a single phylogenetic group within 
the domain Bacteria (Castenholz, 2001). They have photosystems I and II and use water as an 
electron donor during photosynthesis, leading to the production of oxygen. Several 
cyanobacteria can also perform anoxygenic photosynthesis using only photosystem I if 
electron donors such as hydrogen sulphide are present (Madigan et al., 2003). Cyanobacteria 
have a long evolutionary history and documented fossil records date back to about 3500 
million years ago (Schopf, 2000). However, the earliest DNA-biomarker evidence suggests 
that cyanobacteria appeared more recently, about 2600 million years ago (Hedges et al., 
2001). It is widely accepted that ancient cyanobacteria evolved oxygenic photosynthesis and 
played a major role in the transformation from an anoxic to an oxic atmosphere (Schopf, 
2000). Cyanobacteria are found in almost every conceivable habitat. They are most abundant 
in aquatic habitats as part of the plankton, and some can be found tightly or loosely attached 
to surfaces of plants, rocks and sediments. Cyanobacteria are also important in many 
terrestrial environments and they can live in soils or on rocks and form symbiotic associations 
with plants, fungi and animals (Whitton and Potts, 2000). Under favorable environmental 
conditions, mass occurrences of planktonic cyanobacteria can evolve. Cyanobacteria have 
developed a wide ecological tolerance to temperature, light, salinity, alkalinity, and possess 
many characteristics and adaptations that explain their world wide distribution and success. 
Cyanobacteria show considerable morphological diversity. They may be unicellular or have 
cells arranged in colonies and some form filaments in single trichomes or filaments with false 
or true branching. Some cyanobacteria have the ability to produce two types of specialized 
cells: (1) heterocysts, which provide the site for N2 fixation and thereby counteract nitrogen 
demand under conditions of nitrogen deficiency, and (2) akinetes, which are resting cells that 
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allow the species to survive unfavourable growth conditions. Many species of cyanobacteria 
possess gas vesicles, enabling them to regulate their buoyancy and to maintain a certain 
vertical position in the water column in response to physical and chemical factors (Reynolds, 
1987; Walsby, 1994). A number of chemical, physical and biological factors and their 
interactions influence the cyanobacterial abundance and success in a water body (Hyenstrand 
et al., 1998). Generally, cyanobacterial mass occurrences are known to develop in eutrophic 
and hypertrophic water bodies (Paerl, 1996). Cyanobacteria have high nutrient affinity and it 
is widely accepted that the availability of nitrogen and phosphorous are important factors in 
enhancing cyanobacterial growth (Mur et al., 1999). Other chemical factors such as 
micronutrients, and dissolved organic carbon concentrations may also have effects on 
cyanobacterial growth (Paerl et al., 2001). The most important physical factors influencing the 
growth of cyanobacteria include light, temperature, water turbulence, and lake stratification 
and mixing (Mur et al., 1999). Lake morphometry and water residence time also indirectly 
influence cyanobacterial growth. Grazing, competition, parasitism, and other microbial 
interactions are biological factors either causing loss of biomass or influence the growth of 
cyanobacteria. In temperate regions of the world, most cyanobacterial blooms develop during 
summer when the light intensity is high and the temperatures are favourable. In tropical areas, 
where the annual solar radiation and temperatures are relatively constant, cyanobacteria can 
grow at any time of the year (Oliver and Ganf, 2000). 
 
1.2 Cyanobacterial toxins  
Cyanobacteria are known for their ability to produce a wide range of potent toxins (for a 
review see Sivonen and Jones, 1999), which can cause considerable hazards for aquatic 
ecosystems, domestic as well as wild animals, and human health (Christoffersen, 1996; 
Krienitz et al., 2003; Bell and Codd, 1994; Kuiper-Goodman et al., 1999). Cyanobacterial 
toxins are associated with blooms and scums of planktonic species or mats and biofilms of 
benthic and littoral species. Cyanobacterial strains of the same species are found to be either 
producing or non-producing with regard to a specific cyanobacterial toxin (Sivonen and 
Jones, 1999). The cyanotoxins are to a large extent cell bound, but can also occur in the water 
phase after extracellular release (Lawton et al., 1994). Cyanobacterial toxins are currently 
grouped into classes according to their toxicological properties (Sivonen and Jones, 1999; 
Codd et al., 2005a).  
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1.2.1 Hepatotoxins  
The best known cyanotoxins are the cyclic heptapeptides microcystins. These compounds 
were first isolated from Microcystis aeruginosa and thus named microcystins (Carmichael et 
al., 1988). Microcystins share the common structure cyclo-(D-alanine-L-X-D-erythro-β-
methylaspartic acid -L-Z-Adda-D-glutamate-N-methyldehydroalanine) in which X and Z are 
variable L amino acids (Fig. 2). Structural variance can occur in all seven positions, with 
positions 2(X) and 4(Z) as the most variable, and till now, more than 80 different microcystins 
have been identified (Welker and von Döhren, 2006). The known microcystin producing 
species belong to the planktonic and benthic cyanobacterial genera Microcystis, Anabaena, 
Planktothrix, Anabaenopsis, Nostoc and Phormidium and the terrestrial genus Hapalosiphon 
(for reviews see Sivonen and Jones, 1999; Codd et al., 2005a). The biosynthesis gene clusters 
for microcystin have been sequenced for the genera Microcystis (Tillet et al., 2000), 
Planktothrix (Christiansen et al., 2003) and Anabaena (Rouhiainen et al., 2004).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 General structure of microcystin (Tillett et al., 2000), the variable L-amino acid residues at 
positions 2 and 4 are indicated by X and Z, respectively.  
 
The other group of hepatotoxins comprises the cyclic pentapeptides nodularins (Rinehart et 
al., 1988) with six known structural variants (Codd et al., 2005a). They have only been 
characterized from Nodularia (Sivonen and Jones, 1999) and the biosynthesis gene clusters 
for nodularin have recently been sequenced (Mofitt and Neilan, 2004).  
 
The microcystins and nodularins inhibit the eukaryotic serine- and threonine-specific protein 
phosphatase 1 and 2A that are important for cellular metabolism (Honkanen et al., 1990; 
MacKintosh et al., 1990; Yoshizawa et al., 1990). Microcystins and nodularins can act as 
tumour promoters (Carmichael, 1997), and the nodularins are also carcinogenic (Ohta et al., 
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(X) 
(Z) 
1994). The microcystins and nodularins can cause major liver damage due to the ability to 
enter into hepatocytes and cause lethal intrahepatic haemorrhage, liver necrocis and 
destruction of parenchymal cells of the liver (Carmichael, 1992; 1994). Different microcystin 
variants exhibit different hepatotoxicities. In general, the microcystins have LD50 values 
(intraperitoneal mouse) that can vary from 25 to ~1000 µg kg-1 body weight (Carmichael, 
1997; Sivonen and Jones, 1999; Codd et al., 2005a). The WHO has provided a provisional 
guideline value for the maximum allowable concentration of microcystin (MC-LR) of 1µg L-1 
in drinking water and 10 µg L-1 in bathing water (WHO, 1998).  
 
1.2.2 Neurotoxins  
The neurotoxins include anatoxin-a, and homoanatoxin-a, anatoxin-a(s) and saxitoxins 
(Sivonen and Jones, 1999; Codd et al., 2005a). The anatoxin-a, and homoanatoxin-a, are 
alkaloids and are postsynaptic, cholinergic neuromuscular blocking agents. Anatoxin-a(s) is a 
guanidine methyl phosphate ester and inhibits acetylcholinesterase. The saxitoxins are 
alkaloids which block sodium channels, and about 20 structural variants are known in 
cyanobacteria (Codd et al., 2005a). Anatoxin-a has been found in blooms of Anabaena, 
Oscillatoria, Aphanizomenon, Cylindrospermum, Planktothrix and Raphidiopsis (Sivonen, 
1996; Codd et al., 1999; Sivonen and Jones, 1999; Namikoshi et al., 2003; Gugger et al., 
2005a), and homoanatoxin-a has been found in blooms of Planktothrix (Skulberg et al., 1992). 
Anatoxin-a(s) has been found in Anabaena (Matsunaga et al., 1989; Henriksen et al., 1997; 
Onodera et al., 1997) and saxitoxins have been found in Anabaena, Aphanizomenon, 
Planktothrix, Cylindrospermopsis and Lyngbya (Sivonen and Jones, 1999; Codd et al., 
2005a).  
 
1.2.3 Cytotoxins  
The cyclic alkaloid cylindrospermopsin is an inhibitor of protein synthesis causing injury of 
kidneys, heart, thymus, spleen, and intestine in mammals (Hawkins et al., 1997; Falconer et 
al., 1998). It is also a potent hepatotoxin (Hawkins et al., 1985), it can cause DNA double-
strand break and chromosome loss (Humpage et al., 2000; Shen et al., 2002) and it is 
carcinogenic (Falconer and Humpage, 2001). Till now, three variants of cylindrospermopsin 
are known; cylindrospermopsin, deoxy-cylindrospermopsin and 7-epi-cylindrospermopsin 
(Ohtani et al., 1992; Banker et al., 2000; Li et al., 2001a). Humpage and Falconer (2003) have 
proposed a guideline value of 1 µg L-1 cylindrospermopsin in drinking water. The known 
cylindrospermopsin producing species belong to the cyanobacterial genera 
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Cylindrospermopsis, Aphanizomenon, Anabaena, Raphidiopsis and Umezakia (Hawkins et 
al., 1985; Harada et al., 1994; Banker et al., 1997; Li et al., 2001a; Preussel et al., 2006; Spoof 
et al., 2006).  
 
1.2.4 Skin irritants and gastrointestinal toxins 
Aplysiatoxin, debromoaplysiatoxin, and lyngbyatoxin are produced by marine cyanobacteria 
(Lyngbya, Schizothrix, Oscillatoria) and cause skin irritation and are tumour promoters (Codd 
et al., 2000). Lipopolysaccharide endotoxins are widely produced by cyanobacteria as an 
important constituent of the cell wall and may contribute to inflammatory and gastrointestinal 
incidents (Codd et al., 2000).  
 
1.2.5 Other cyanobacterial bioactive peptides 
Cyanobacteria can produce a diverse range of secondary metabolites, both non-toxic and toxic 
compounds (Namikoshi and Rinehart, 1996), and over 600 peptides and peptidic metabolites 
have been described from various taxa (for a review see Welker and von Döhren, 2006). A 
major part of the known secondary metabolites are oligopeptides and they are synthesized 
nonribosomally by large enzyme complexes known as NRPS or NRPS/PKS using the thio-
template mechanism (Marahiel et al., 1997; Dittmann et al., 2001). Welker and van Döhren 
(2006) grouped the cyanobacterial peptides according to molecular structure into seven 
classes, the aeruginosins, microginins, anabaenopeptins, cyanopeptolins, microviridins and 
cyclamides and the previously described microcystins/nodularins. Concerning a specific 
oligopeptide, both producing and non-producing individuals of the same cyanobacterial 
species co-exist in nature (Vezie et al., 1998; Kurmayer et al., 2004).  
 
1.2.6 Toxicity and harmful effects of cyanobacterial toxins 
Mass developments of toxin producing cyanobacteria can have severe impact on the food web 
of lakes (Christoffersen, 1996). Laboratory experiments have shown that cyanotoxins have 
inhibited or reduced growth of different phytoplankton groups (Kirpenko, 1986; Bagchi et al., 
1990; Babica et al., 2006) and macrophytes (Pflugmacher et al., 1998; Babica et al., 2006) and 
caused behavioural changes and higher mortality of zooplankton organisms such as 
cladocerans and copepods (Riehmann and Christoffersen, 1993; DeMott et al., 1991; DeMott 
and Moxter, 1991; Rohrlack et al., 1999). Acute effects of cyanotoxins are also found in fish, 
including liver damage, disturbed ionic regulation, behavioural changes and mortality 
(Tencalla et al., 1994; Bury et al., 1995; Mohamed et al., 2003). Mass mortalities of wild and 
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domestic birds have been related to cyanobacterial blooms and scums (Yoo et al., 1995; 
Matsunaga et al., 1999; Henriksen et al., 1997; Krienitz et al., 2003). Cyanobacterial toxins 
have also caused several incidents of wild and domestic animal poisoning, often lethal (for a 
review see Kuiper-Goodman et al., 1999). Cyanobacterial toxins present health hazards to 
humans through contaminated drinking water and food, in addition to recreational exposure to 
cyanobacteria (Bell and Codd, 1994; Codd et al., 1999; Kuiper-Goodman et al., 1999; 
Ibelings and Chorus, 2007). Thus, cyanobacterial toxins may pose a health risk particularly 
when they appear in raw water sources of poorly equipped drinking water plants, and there 
are reports on incidents where dissolved microcystins in surface waters have passed through 
conventional water treatment plants (Jochimsen et al., 1998; Lahti et al., 2001). 
Cyanobacterial toxins are linked to incidents of different human illnesses, including skin and 
eye irritation, allergy-like symptoms, gastro-enteritis and hepatoenteritis caused by acute 
exposure to toxins (Carmichael and Falconer, 1993; Kuiper-Goodman et al., 1999). A severe 
outbreak of hepato-enteritis among an aboriginal population in Palm Island, Queensland 
(Australia) was associated with drinking water contaminated with Cylindrospermopsis 
raciborskii and 148 persons were hospitalized (Byth, 1980; Hawkins et al., 1997). In Brazil, at 
least 55 patients died after receiving a microcystin-containing dialysis medium in a 
haemodialysis centre (Jochimsen et al., 1998). Chronic exposure to microcystins through 
drinking water may increase incidents of human liver cancer (Codd et al., 1999; Kuiper-
Goodman et al., 1999). In China, higher incidents of liver cancer were observed among the 
people drinking pond and ditch water than among people using deep well water, and the 
higher incidences of cancer were thought to be linked to cyanobacterial toxins in the ponds 
and ditches (Yu, 1995). There is also a risk for exposure to cyanotoxins to humans by 
consumption of freshwater “seafood” like fish, crayfish, prawns and mussels from water 
bodies with cyanobacterial blooms (for a review see Ibelings and Chorus, 2007). In addition, 
field observations of cyanotoxin bioaccumulation in zooplankton (Watanabe et al., 1992; 
Kotak et al., 1996), macroinvertebrates (Zurawell et al., 1999), and mussels (Falconer et al., 
1992; Duy et al., 2000) indicate that cyanobacterial toxins may be transferred in aquatic food 
webs and thus have effects on higher trophic levels, including exposure to humans.  
 
1.2.7 The possible ecological role of cyanobacterial metabolites 
The ecological role of cyanobacterial toxins and oligopeptides remains unclear despite the 
numerous studies regarding the physiological and ecological effects of the production of the 
cyanotoxins and other cyanobacterial bioactive oligopeptides. The fact that cyanobacterial 
 7
populations comprise both non-producing and producing strains with respect to 
cyanobacterial toxins and oligopeptides complicates the understanding of the ecological role 
of these compounds. The toxin production is likely to be related to the physical, chemical, and 
biotic environment and the competition with other organisms (Paerl and Millie, 1996) and 
most of the proposed theories regarding the function of the toxin production are related to 
either grazing protection or to allelopathy (Babica et al., 2006). There is evidence that 
cyanobacterial toxins have an effect on growth and survival of zooplankton (DeMott and 
Moxter, 1991; Rohrlack et al., 1999; Rohrlack et al., 2001). Cyanobacterial cells are generally 
a poor food source for zooplankton and are often selectively avoided (DeMott et al., 1991). 
Daphnia populations are known to decline during cyanobacterial blooms, when alternative 
food sources for zooplankton have been exhausted (DeMott et al., 1991). Laboratory 
experiments have shown that intoxication of Daphnia upon ingestion of cyanobacterial cells 
largely is dependent on the microcystin content of the cells (Rohrlack et al., 1999). There is, 
however, no clear evidence that cyanobacterial toxins have evolved as a response to grazing 
pressure by zooplankton. The microcystin synthetase genes are found to be ancient and 
probably predate the metazoan lineage (Rantala et al., 2004). Therefore, the primary role of 
microcystins may not be a defense mechanism against grazing. As previously mentioned, the 
toxicity of microcystins to eukaryotic cells is caused by the inhibition of protein phosphatases 
1 and 2A, which are important enzymes in intercellular regulatory mechanisms (Honkanen et 
al., 1990; Dawson, 1998). Also for a number of cyanopeptolins, aeruginosins and 
microviridins, a protease inhibitory activity has been reported, however, little is known about 
the function, ecological effects and impact of these bioactive oligopeptides on aquatic biota, 
animals and humans (Welker and van Döhren, 2006).  
 
The role of cyanobacterial toxins and other cyanobacterial bioactive oligopeptides in 
allelopathic interactions is unclear, but the discussion regarding allelopathic effects of 
cyanobacterial metabolites mostly concerns the reduction of photosynthetic activity and 
growth rates of other planktonic autotrophs and macrophytes (Pflugmacher, 2002; Gross, 
2003; Legrand et al., 2003). A recent review by Babica et al. (2006) showed that only a 
limited number of studies describe effects of microcystins at concentrations that are usually 
found in the environment and concluded that the ability of microcystins to act as general 
allelopathic compounds seems unlikely. Microcystins are also thought to have 
ecophysiological functions, including a role in basic cyanobacterial metabolism, as metal ion 
chelators (Utkilen and Gjølme, 1995), in signaling and gene regulation (Dittmann et al., 2001; 
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Rantala et al., 2004), as an infochemical in intraspecific communication (Schatz et al., 2007), 
in light adaptation processes (Hesse et al., 2001), as an internal storage for N during N 
deficiency (Kotak at al., 2000), in inhibition of the carbon-concentration enzyme RuBisCo 
(Jähichen et al., 2001) or as mediators in colony formation (Kehr et al., 2006).  
 
1.3 Cyanobacterial taxonomy  
 
1.3.1 Classification of cyanobacteria 
The taxonomic classification of cyanobacteria is quite complex. There are presently two main 
classification systems available: the botanical classification system (Komárek and 
Anagnostidis, 1989; 1999; 2005; Anagnostidis and Komárek, 1991) and the bacteriological 
classification system (Castenholz, 2001). Cyanobacteria were traditionally classified on the 
basis of their morphology only, according to the International Code of Botanical 
Nomenclature, ICBN (Greuter et al., 2000). Despite the fact that the cyanobacterial 
morphology is complex compared to most other prokaryotic microbes, the taxonomy based on 
morphological characteristics alone does not necessarily result in a phylogenetically reliable 
taxonomy (Giovanni et al., 1988; Wilmotte, 1994). Moreover, morphological features are also 
problematic as they may vary considerable in response to different environmental conditions 
(Wilmotte and Golubic, 1991). The cyanobacteria are also classified according to the 
International Code of Nomenclature of Prokaryots, ICNP (Oren and Tindall, 2005). The 
bacteriological classification is today widely based on phenotypic, chemotypic and genotypic 
characteristics, the so called polyphasic approach, of pure cultures of cyanobacteria. It is a 
challenge to combine the traditional morphological classification and the classification based 
on molecular methods, however, effort is made to unify these two systems (Hoffmann, 2005; 
Oren and Tindall, 2005). In the current botanical classification system, Komárek and 
Anagnostidis (1989; 1999; 2005) and Anagnostidis and Komárek (1991) have revised the 
taxonomy of cyanobacteria and also applied phenotypic and genotypic data in this work. The 
botanical approach distinguishes four orders of cyanobacteria (Komárek and Anagnostidis, 
1989; 1999; 2005; Anagnostidis and Komárek, 1991). The bacteriological taxonomic system 
created for cyanobacteria is divided in five subsections (Rippka et al., 1979; Castenholz, 
2001) and they are to a large extent in agreement with the orders in the botanical system (see 
Table 1). Ideally, taxonomy reflects evolutionary relationships of the classified organisms, 
and the taxa are monophyletic groups of organisms (e.g. Wilmotte and Golubic, 1991; 
Wilmotte, 1994). DNA sequences make it possible to infer phylogenies of organisms (e.g. 
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Moritz and Hillis, 1996) and DNA is not affected by environmental factors in the same 
manner as many morphological traits are. The 16S rDNA gene is universally present in 
bacteria and cyanobacteria and is rather conserved. Woese et al. (e.g. Woese et al, 1976; 
Woese, 1987) established the modern bacterial phylogenetic classification mainly based on 
the 16S rDNA gene sequence.  
 
Table 1 The different orders of the botanical classification of cyanobacteria and their correspondence 
to the subsections of the bacterial classification and a short description of main morphological features 
and the occurrence in the environment.  
 
Botanical 
classification 
Bacteriological  
classification 
Main morphological features, occurrence in the environment and 
typical species 
Subsection I Unicellular cyanobacteria that reproduce by binary cell division or 
budding, either single cells or in colonies held together by mucilage or 
laminated sheaths. Many species are planktonic and contain gas vesicles. 
They occur in freshwaters as well as marine environments. Typical genera 
are Synechocystis and Microcystis 
Order 
Chroococcales 
Subsection II Some species can sometimes or always reproduce by small spherical cells 
(baeocytes) which are produced by multiple divisions of the mother cells. 
They generally grow in aquatic environments attached to substrata. A 
typical genus is Pleurocapsa. 
Order 
Oscillatoriales 
Subsection III Filamentous, mostly uniseriate, cyanobacteria without special cells. The 
trichomes usually have sheath and many species have gas vesicles. The 
group is ecologically diverse and they occur in plankton, benthic and 
periphytic environments in freshwater and in marine environments. Typical 
genera are Oscillatoria, Planktothrix and Spirulina. 
Order 
Nostocales 
Subsection IV Filamentous, mostly uniseriate, cyanobacteria that may form specialized 
cells (heterocysts and akinetes), some may form hormogonia (formation of 
motile trichomes that give rise to young filaments). Some species have gas 
vesicles. They occur in plankton, benthic and periphytic habitats in 
freshwater and marine environments and can also be found in terrestrial 
environments. Typical genera are Anabaena, Aphanizomenon and 
Nodularia. 
Order 
Stigonematales 
Subsection V Filamentous, usually branched (false or true) multiseriate cyanobacteria 
that may form specialized cells (heterocysts and akinetes) and some form 
hormogonia. They occur in aquatic and terrestrial environments but usually 
not in the plankton. Typical genus is Fischerella.  
 
 
1.3.2 Molecular methods used for inference of cyanobacterial phylogeny 
Several molecular methods are used for phylogenetic and taxonomic studies of cyanobacteria 
(Wilmotte, 1994) including DNA-DNA hybridization (Stam, 1980), fingerprinting based upon 
PCR with primers from short and long tandemly repeated elements (Rasmussen and 
Svenning, 1998), classification of clone cultures based upon 16S rDNA sequences (Neilan et 
al., 1994), and sequencing of other coding and non-coding regions of DNA (Nelissen et al., 
1994; Neilan et al., 1995). The widely used 16S rDNA region has been useful in several 
phylogenetic analyses of cyanobacteria (e.g. Wilmotte and Golubic, 1991; Ben-Porath and 
Zehr, 1994; Nelissen et al., 1996; Fergusson and Saint, 2000). Phylogenetic investigations 
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using this region have shown that many unicellular and filamentous non-heterocysteous 
cyanobacterial genera are probably polyphyletic and do not form natural taxa, whereas 
heterocysteous strains form a monophyletic group (Giovannoni et al., 1988; Wilmotte, 1994; 
Castenholz et al., 2001; Rippka et al., 2001; Wilmotte and Herdman, 2001). However, the 
number of variable positions is low in the 16S rDNA and the gene is unsuitable for studying 
the relationship at or below the species level (e.g. Neilan et al., 1997a; Rudi et al., 1997).  
 
A number of other coding and non-coding regions of DNA are also used to infer the 
phylogeny of cyanobacteria. The ITS1 between the 16S and 23S rDNA genes is more variable 
than the 16S rDNA gene sequence and has been used as a marker for studies of inter- and 
intraspecific variability in cyanobacteria (Nelissen et al., 1994; Wilmotte, 1994; Neilan et al., 
1997b; Otsuka et al., 1999). The ITS1 region of bacteria is variable both in length and the 
nucleotide sequence (Gürtler and Stanisich, 1996) and multiple copies of the ITS1 may be 
found within one genome and then usually varies in length and sequence (Iteman et al., 2000). 
Although the ITS1 region itself is non-coding, it may carry one or two tRNA genes (Iteman et 
al., 2000). The ITS1 has been investigated in a number of studies focussing on phylogeny and 
genetic diversity of cyanobacteria (e.g. Nelissen et al., 1994; Neilan et al., 1997b; Iteman et 
al., 2000; 2002; Laamanen et al., 2001). Phycocyanin (PC) is a phycobiliprotein that is found 
in cyanobacteria, cryptophytes, and rhodophytes (e.g. Glazer, 1989) and the genes encoding 
phycocyanin are good targets for studying cyanobacerial inter- and intraspecific variations in 
cyanobacteria (Neilan et al., 1995). The entire PC operon contains genes coding for two bilin 
subunits (cpcB and cpcA) and three linker polypeptides (Belknap and Hazelkorn, 1987), and 
the intergenic spacer (IGS) between the two bilin subunit genes, designated PC-IGS, which is 
a potentially highly variable region of DNA. The PC-IGS has been used in a number of 
studies of phylogenetic relationships and genetic diversity in cyanobacteria (e.g. Neilan et al., 
1995; Bolch et al., 1996; Laamanen et al., 2001; Dyble et al., 2002; Rohrlack et al., 2008). 
Other genetic markers that are commonly used in studies of cyanobacterial phylogeny and 
genetic diversity are the DNA-dependent RNA polymerase gene rpoC1 (Fergusson and Saint, 
2000; Wilson et al., 2000), the nitrogenase genes nifH (Ben-Porath and Zehr, 1994) and the 
IGS between two adjacent copies of the gene encoding the major structural gas vesicle protein 
gvpA (Barker et al., 1999). Many cyanobacterial species have a world wide distribution 
(Sivonen and Jones, 1999; Codd et al., 2005a), and the use of genetic tools can lead to a better 
understanding of the geographical distribution of cyanobacteria.  
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1.4 Cyanobacteria in Lake Victoria 
 
1.4.1 The Lake Victoria basin  
The equatorial Lake Victoria is the second largest freshwater lake in the world by area (68 
800 km2) and the largest tropical lake in the world. It is situated at high altitude (1134 m) on 
an elevated plateau between the western and eastern part of the African Great rift valley (Fig. 
3). The East African Great Lakes are unique natural resources and form a freshwater eco-
region with a unique biodiversity (Sturmbauer and Meyer, 1992; Bootsma and Hecky, 2003). 
Lake Malawi and Lake Tanganyika in the western rift valley are two of the deepest and oldest 
lakes in the world, whereas Lake Victoria is comparably younger and relatively shallow for its 
size (max. depth 84). The catchment area of 194 000 km2 includes large parts of the three 
riparian countries Kenya, Tanzania and Uganda, and the neighbouring states of Rwanda and 
Burundi, and has a high and rapidly growing population whose activities influence the lake 
intensively (Verschuren et al., 2002).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Map of the Lake Victoria region with important cities. Other lakes in the region from where 
we have isolated cyanobacterial strains (see Table 3): KC=Kazinga Channel, LM=Lake Mburo, 
MB=Murchison Bay, LB=Lake Baringo, NP=Nakuru final sewage pond, PP=Pilsner Pond, LN=Lake 
Naivasha, KS=Kenyatta University sewage pond 
Kampala 
 
Burundi 
Kisumu 
Mwanza 
Rwanda 
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The Lake Victoria ecosystem has undergone substantial changes over the last five decades, 
including introduction of exotic species, assumed over-exploitation of fish, severe 
eutrophication and climate change (Hecky, 1993; Verschuren et al., 2002). The lake originally 
had an extremely rich fish fauna (Witte and van Oijen, 1990) and the best known ecological 
change is probably the introduction and successful establishment of Nile perch (Lates 
niloticus) which dramatically altered the indigenous fauna in Lake Victoria (for a review see 
Goudswaard et al., 2008). The lake supports one of the largest commercial freshwater 
fisheries in the world (Simonit and Perrings, 2005), but the fisheries are currently considered 
overexploited largely due to failures in controlling the fishing effort (Simonit and Perrings, 
2005). Another introduced species to the Lake Victoria ecosystem is the water hyacinth 
(Eichhornia crassipes), which has caused large scale infiltration of the lake with major 
negative ecological and economic impacts to the Lake Victoria region (Twongo, 1991; 
Albright et al., 2004). A considerable pressure to Lake Victoria is eutrophication (Hecky, 
1993). Over the last 50 years, substantial increase in agriculture, deforestation, domestic, 
municipal and industrial effluents, and human encroachment on the shoreline leading to 
wetland degradation have caused historically high nutrient loadings into the lake (Hecky, 
1993; Verschuren et al., 2002). The overall phytoplankton biomass has increased (e.g. 
Ochumba and Kibaara, 1989; Ochumba, 1990; Mugidde, 1993; Lung’aiya et al., 2000), with a 
notable decrease in water transparency (Mugidde, 1993). Whereas rates of primary production 
have accelerated near the lake surface, the rates of decomposition have depleted dissolved 
oxygen concentrations in the deepest one-third of the water column (Hecky et al., 1994). In 
near shore areas, episodes of massive fish kills have been reported as a result of oxygen 
depletion (Ochumba, 1990). A disproportionate increase in phosphorous loading relative to 
nitrogen and silica loadings to the lake (Lehman and Branstrator 1994; Hecky, 1993; 
Lindenschmidt et al., 1998) has led to a pronounced shift in the phytoplankton composition, 
from a historical phytoplankton community dominated by green algae and large diatoms (e.g. 
Evans, 1962; Talling, 1966) to a present dominance of cyanobacteria (Ochumba and Kibaara, 
1989; Lung’ayia, 2000; Kling et al., 2001). The dramatic ecosystem alterations have to a large 
extent been explained by the large food-web changes caused by “top-down” predation by the 
introduced Nile perch and the assumed overfishing (Goudswaard et al., 2008). Accordingly, 
the reduction in indigenous phytoplanktivorous fish has partly been blamed for the increase in 
algal biomass (Witte et al., 1992). On the other hand, the increased nutrient loading to the lake 
evidently gives a “bottom-up” effect and influences the phytoplankton productivity (Mugidde, 
1993) meaning that the eutrophication also is a serious threat to the Lake Victoria ecosystem.  
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1.4.2 Phytoplankton community and cyanobacterial abundance  in Lake Victoria 
Phytoplankton investigations in Lake Victoria have been conducted ever since the late 19th 
century and the first reported phytoplankton investigation in the lake was accomplished by 
Schmidle (1902). After that, more than twenty studies on phytoplankton in the lake were 
published (review by Talling, 1987). Over the last two decades, the taxonomic and floristic 
observations have mainly appeared incidentally in relation to ecological studies. There are, 
however, some more recent studies on cyanobacterial population in Lake Victoria (Komàrek 
and Kling, 1991). Based on all of these investigations, Cocquyt et al. (1993) made a list of a 
total of 601 taxa of algae (mainly phytoplankton), belonging to 117 genera for the whole of 
Lake Victoria. Komárek and Kling (1991) emphasize that the extreme variation of 
populations and taxa complicates the identification of the genera and delimitation of different 
taxa, and further that Lake Victoria comprises several extremely variable species which are 
impossible to identify using the available keys and associated literature based on morphology. 
The phytoplankton community of Lake Victoria before severe antropogenic eutrophication 
(1960’s) was dominated by diatoms, cyanobacteria and chlorophytes (Talling, 1987). The 
present composition of the phytoplankton community has to a large extent changed and there 
is proportionally more dominance of cyanobacteria and the diatom Nitzschia (Kling et al., 
2001). Lake Victoria is differentiated in two main types of environments (Worthington, 
1930): the shallow semi-enclosed gulfs and bays that are not deep enough to be persistently 
stratified, and the open lake waters with stratification and clear seasonality. Consequently, the 
phytoplankton communities in the inshore and offshore areas are differentiated (Talling, 
1987). Cyanobacteria are increasingly predominant in the whole of Lake Victoria, and the 
diatoms are more abundant in offshore than inshore waters (Hecky, 1993; Lung’ayia et al., 
2000; Kling et al., 2001). The offshore waters show seasonality with periods of stratification 
and periods of full mixing and changes in the mixed layer depth (Talling, 1987; Hecky et al. 
1994; Spiegel and Coulter, 1996). Accordingly, diatoms develop during periods of vertical 
mixing, whereas cyanobacteria generally are more dominant in periods of stratification 
(Talling, 1987). In inshore shallow waters where cyanobacteria are dominating, the number of 
cyanobacterial species is found to be more diverse during dry season than in the rainy season 
(Lung’ayia et al., 2000).  
 
The occurrence of cyanobacterial blooms in Lake Victoria was evident at the beginning of the 
20th century (Ostenfeld, 1908) and currently mass populations of cyanobacteria near the 
shores of Lake Victoria are becoming an increasingly common phenomenon (Ochumba and 
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Kibaara, 1989; Hecky and Bugenyi, 1992; Hecky, 1993; Gophen et al., 1995; Lung’ayia et al., 
2000; Kling et al., 2001; Krienitz et al., 2002). The most commonly reported cyanobacteria 
are Anabaena spp., Microcystis spp., Planktolyngbia spp., Anabaenopsis spp., and 
Merismopedia spp.  (e.g. Talling, 1987; Ochumba and Kibaara, 1989; Lung’ayia et al., 2000; 
Kling et al., 2001; Krienitz et al., 2002). In Lake Victoria, changing nutrient conditions, 
silicon depletion and nitrogen limitation, light limitation, influence of dry and wet season, and 
food-web changes have been proposed as main factors regulation the phytoplankton 
populations (Mugidde, 1993; Lung’ayia et al., 2000; Kling et al., 2001; Gikuma-Njuru, 2005; 
Silsbe et al., 2006).  
 
1.4.3 Cyanobacterial toxins  in Lake Victoria and other East African lakes  
Despite the large number of taxonomic and ecological studies in Lake Victoria, there is little 
knowledge on cyanobacterial toxins. Krienitz et al. (2002) reported an incident of 
microcystins (<1 µg L-1) during a heavy bloom of Anabaena flos-aquae and Anabaena 
discoidea in a near shore area of Nyanza Gulf (Kenya). Sekadende et al. (2005) performed 
sampling over a four months period in Mwanza Gulf (Tanzania) and found microcystins 
(about 1 µg L-1) in one sample dominated by the cyanobacterial species Aphanocapsa sp., 
Anabaena sp., Planktolyngbya spp. and Microcystis sp.  
 
As for Lake Victoria, most of the research on cyanobacteria in other water bodies in the East 
African region has been related to taxonomic and ecological studies. The region comprises the 
large, deep freshwater lakes of the Western Rift Valley, a number of alkaline lakes and hot 
springs mainly in the Eastern Rift Valley, in addition to a number of smaller and middle sized 
freshwater lakes. In recent years, a series of studies of cyanobacteria and cyanobacterial 
toxins have been conducted in lakes in the Eastern Rift Valley in Kenya (Ballot et al., 2003; 
2004; 2005; Krienitz et al., 2003; Mussagy et al., 2006) and Tanzania (Lugomela et al., 2006).  
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2 Aims of the study 
 
The overall aim of this study was to improve the knowledge of the eutrophication level and 
the proliferation of toxin-producing cyanobacteria in Murchison Bay, Lake Victoria 
(Uganda). 
 
This has been accomplished by addressing the following sub-goals:  
 
• Assess the level of eutrophication in Murchison Bay and determine possible 
mechanisms affecting the eutrophication in the bay  
 
• Investigate the diversity of the phytoplankton community in Murchison Bay, in 
particular the cyanobacterial population, and assess the influence of environmental 
factors  
 
• Identify and quantify microcystins in Murchison Bay, identify the microcystin 
producing species and assess the influence of environmental factors on the microcystin 
production 
 
• Characterise the morphological, genetical and chemical diversity of strains of 
Microcystis aeruginosa isolated from Murchison Bay and other water bodies in the 
East African region and infer phylogenetic relationships to strains from other 
geographic regions.  
 
• Characterise the morphological, genetical and chemical variation of strains of 
Cylindrospermopsis raciborskii isolated from Uganda and Germany and infer 
phylogenetic relationships to strains from other geographic regions, and assess the 
distribution patterns of this species 
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3 Material and methods 
 
3.1 Study area 
The field studies were carried out in Murchison Bay in the north western part of Lake Victoria 
(Fig. 4). The bay is located between 00o04’N, 32o37‘E and 00o18’N, 32o38‘E and is an 
extension of Lake Victoria to the north towards Kampala, the capital of Uganda. The shallow 
embayment is 30 km long and the bottom has a gentle slope from the outlet of the Nakivubo 
channel to about 11 m depth at the Gaba narrows and to about 12 m at the outer part of the 
bay. The bay is divided in a semi-enclosed inner part and a wider outer part by narrows about 
5 km from the inner shores. Murchison Bay serves as drinking water supply for Kampala and 
two water works, Gaba I and II, are situated just inside the narrows about 4 km out in the bay.  
 
 
 
 
Figure 4 Map of Murchison Bay with the four sampling stations. The map also shows the cities of 
Kampala and Entebbe, the location of the water works and the Nakivubo Channel. The upper left map 
shows the African continent and the lower left map shows Lake Victoria and the position of 
Murchison Bay. 
The Inner Murchison Bay (Fig. 5; mean depth 3.2 m) covers an area of about 18 km2 and has 
a catchment area of 282 km2, comprising large parts of the urban areas and settlement of 
Kampala (>1 million inhabitants), in addition to small scale farmlands and grasslands, and the 
shoreline is surrounded by large papyrus swamps (Schröder et al., 1998). As a consequence of 
urban development and expansion, the wetlands in most parts of the city have been drained 
and turned into agricultural areas or developed for commercial, industrial or residential 
purposes (Kansiime et al., 2005). The most significant drainage of the catchment area is the 
Nakivubo channel which runs through Kampala and the wetland areas surrounding the bay, 
entering the inner part of the bay from the north (Kansiime et al., 2005). Nakivubo channel 
was constructed some fifty years ago and was designed to carry storm water as fast as 
possible from the city of Kampala into Murchison Bay. The drainage channels in Kampala 
were developed to terminate in the Nakivubo channel and sewage was routed through a high 
level and low level system to Bugolobi sewage treatment works. Kampala is now expanding 
fast both in population and infrastructure, and unfortunately the sewage systems and the 
wastewater treatment have not expanded accordingly. In addition, due to old age and blockage 
of some sewers, part of the raw sewage leaks directly into the Nakivubo channel. 
Consequently the Nakivubo channel is now receiving a considerable portion of partially 
treated and untreated wastewater, both of industrial and domestic origin (Schröder et al., 
1998).  
 
 
 
Figure 5 Murchison Bay at Gaba. The arrow indicates the intake of water to the Gaba II water works. 
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In the past, the Nakivubo channel ended in the outer part of the wetland areas, allowing the 
water to be drained in the papyrus swamps before entering the bay. After heavy rain, the flow 
in the Nakivobo channel increases very fast, and consequently the runoff water flushes into 
the bay (Schröder et al., 1998; Kansiime et al., 2005). In 2001-2003, however, the channel 
was enlarged in order to remove storm water more efficiently from the urban areas. It was 
widened to about 20 m and stretched through the wetland ending only a couple of hundred 
meters before Murchison Bay. The water in the channel is a mixture of secondary effluents 
from the Bugolobi sewage treatment works and heavily polluted untreated wastewater from 
the city. Today, however, the predominant papyrus wetland has been converted to cocoyam 
fields, and the retention of nutrients and other pollutants is moderate to absent, increasing the 
concerns for the water quality in the bay (Kansiime et al., 2005).  
 
The Lake Victoria region has an equatorial climate with small seasonal variations in solar 
radiation. Measurements of global photosynthetic active radiation (PAR) at Makerere 
University in Kampala, over a 5 year period (2003-2007), show that there is an annual 
average light intensity of 1500-2500 µmol m-2 s-1 in the area of Murchison Bay (NUFU 
project 03/22). The mean annual temperatures in areas close to Murchison Bay range between 
21.5 and 22.5 °C. As a rule, there are two rainy seasons, the long rains from March to May 
with a peak in April and the shorter rains from November to October. There are, however, 
geographical and annual variations.  
 
3.2 Sampling and cultures 
We established four stations in a longitudinal transect from the inner to the outer bay (Fig 4; 
Table 2). The sampling of Murchison Bay was carried out from November 2000 to March 
2004. The sampling frequency was generally every month in the period from November 2000 
to March 2003 and every second week in the period from April 2003 to March 2004. All 
material and methods used in the studies are described in detail in the respective papers I-V.  
 
Table 2 Geographical position, names and maximum depth of the stations in Murchison Bay 
 
Station nr.  Depth (m) Name Geographical position 
St. 1 1.5 Mouth of Nakivubo Channel 00o17.076’N, 32o 38.496‘E 
St. 2 5 South of Namalusu Island 00o15.727’N, 32o 38.749‘E 
St. 3 11 Gaba Narrows 00o14.480’N, 32o 38.589‘E 
St. 4 12 South of Makusu Island 00o08.715’N, 32o 37.580‘E 
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We have isolated a number of cyanobacterial strains from different water bodies in East 
Africa in addition to Murchison Bay. An overview over the strains and their geographical 
origin is given in Table 3. The strains were used in the studies IV and V. The geographical 
locations of the other lakes where strains were isolated from are shown on the map in Fig. 3. 
 
Table 3 Cyanobacterial strains used in this study and their geographical origin. The year of isolation 
and the person responsible for strains isolation is also given (SH=Sigrid Haande, RS=Randi Skulberg, 
AB=Andreas Ballot, MB=Martin Beck)  
 
Strain Geographic origin       Isolation 
year 
Isolated by 
 
Microcystis aeruginosa 
  
NIVA-CYA 431 Murchison Bay, Uganda 2000 RS 
NIVA-CYA 432 Murchison Bay, Uganda 2000 RS 
NIVA-CYA 433 Murchison Bay, Uganda 2000 RS 
NIVA-CYA 463 Murchison Bay, Uganda 2003 SH 
NIVA-CYA 464 Murchison Bay, Uganda 2003 SH 
NIVA-CYA 465 Murchison Bay, Uganda 2003 SH 
NIVA-CYA 475 Murchison Bay, Uganda 2003 SH 
NIVA-CYA 476 Murchison Bay, Uganda 2004 SH 
NIVA-CYA 477 Murchison Bay, Uganda 2003 SH 
NIVA-CYA 478 Murchison Bay, Uganda 2003 SH 
NIVA-CYA 482 Lake Mburo, Uganda  2004 RS 
NIVA-CYA 495 Kazinga Channel, Uganda 2004 RS 
NIVA-CYA 496 Kazinga Channel, Uganda 2004 RS 
NIVA-CYA 497 Kazinga Channel, Uganda 2004 RS 
NIVA-CYA 502 Murchison Bay, Uganda 2004 SH 
NIVA-CYA 503 Murchison Bay, Uganda  2004 SH 
NIVA-CYA 522 Murchison Bay, Uganda 2004 SH 
AB2002/21 Nakuru final sewage pond, Kenya 2002 AB 
AB2002/22 Kenyatta University sewage pond, Kenya          2002 AB 
AB2002/23 Lake Baringo, Kenya 2002 AB 
AB2002/24 Pilsner Pond, Kenya 2002 AB 
AB2002/40 Lake Naivasha, Kenya 2002 AB 
AB2002/52 Lake Baringo, Kenya 2002 AB 
AB2002/55 Kenyatta University sewage pond, Kenya 2002 AB 
 
Cylindrospermopsis raciborskii 
NIVA-CYA 506 Kazinga Channel, Uganda  2004 RS 
NIVA-CYA 507 Kazinga Channel, Uganda 2004 RS 
NIVA-CYA 508 Kazinga Channel, Uganda 2004 RS 
NIVA-CYA 509 Kazinga Channel, Uganda 2004 RS 
NIVA-CYA 510 Kazinga Channel, Uganda 2004 RS 
NIVA-CYA 511 Lake Victoria, Uganda 2004 RS 
ZIE05CR Zierker See, Germany 2005 MB 
ZIE11CR Zierker See, Germany 2005 MB 
ZIE13CR Zierker See, Germany 2005 MB 
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4 Results and discussion 
 
4.1 Eutrophication in Murchison Bay 
During the period of our study from 2000-2004, the Inner Murchison Bay had high average 
concentrations of total phosphorous (>90 µg L-1), total nitrogen (>1100 µg L-1) and Chl-a (> 
30 mg L-1) and the phytoplankton community was dominated by a variety of cyanobacterial 
species (I, II, III). These results correspond to the general view of an ongoing eutrophication 
in Lake Victoria and several studies from other inshore bays and gulfs like Napoleon Gulf, 
Pilkington Bay, Nyanza Gulf and Mwanza Gulf of Lake Victoria have reported similar trends 
of nutrient enrichment (Hecky, 1993; Calamari, 1995; Mugidde, 1993; Lung’ayia et al., 2001; 
Gikuma-Njuru and Hecky, 2005; Sekandende et al., 2005). One of the most severe problems 
related to eutrophication in freshwater ecosystems worldwide is the occurrence of 
cyanobacterial blooms. We found that the concentration of total microcystin in the bay at 
times exceeded the WHO guide line value of 1 µg L-1 MC for drinking water (III), and this 
may present a health risk for the users of the lake water.  
 
Two surveys in the inner part of the Murchison Bay conducted in the 1990s concluded that 
there had been a major increase in nutrient loading to the bay since the 1960’s (Källqvist et 
al., 1996; Schröder et al., 1998, and references therein). Källqvist et al. (1996) measured 
concentrations of TP <50 µg L-1, TN <500 µg L-1 and Chl-a about 20 mg L-1 in a surface 
sample (0-2 m) at a site close to the Gaba water works (close to our St. 2). In a seven months 
long monitoring survey in 1997, Schröder et al. (1998) found increased concentration of 
nutrients and Chl-a in surface samples at the same location; 82 µg L-1 TP, 782 µg L-1 TN and 
54 mg L-1 Chl-a, however, emphasizing that the study period was characterized by unusually 
heavy rainfalls, thus causing unusually high runoff to the bay. Our data showed even higher 
values of TP and TN, but the Chl-a values were lower than found in 1997. In general, there 
has been an increase in the nutrient loading of Murchison Bay over the last decade (I, II, III), 
indicating an expanding eutrophication of the bay.  
 
Kampala is the largest city in the Lake Victoria region, and most of the urban settlement lies 
within the catchment area of Murchison Bay. Most of the waste water from the city is 
discharged through the enlarged Nakivubo channel, ending in the swamps close to the Inner 
Murchison Bay. The main pollution sources to Murchison Bay are domestic and industrial 
waste water, sewage effluents and surface runoff mainly from the urban areas of Kampala 
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(Schröder et al., 1998; Kansiime et al., 2005). It has been estimated that about 80 % of the 
nutrients from the Nakivubo channel come from domestic (non-industrial) sources (Schröder 
et al., 1998). It is likely that the enlargement of Nakivubo channel can lead to even higher 
nutrient loadings in Murchsion Bay. Our data showed a marked increase in the nutrient 
concentration in Murchison Bay after September 2003 (II, III), and this may be an effect of 
construction work of the Nakivubo channel in the wetland areas close to the bay around this 
time (Kansiime, pers. com.). Data from sampling in 2005 indicate that there has been a 
continued increase in the nutrient concentration in Murchison Bay (Ronald Semyalo, 
unpublished data), however, long term monitoring must be performed to investigate the 
possible effects of the enlarged channel and thereby also give an even better understanding of 
the eutrophication process in the bay.  
 
4.2 Surface seiches mediated eutrophication in Murchison Bay 
The nutrient enrichment in the Inner Murchison Bay was evident (I, II, III), but the data also 
show that there was a rapid decrease in conductivity and nutrient concentrations from the 
innermost part of the bay (St. 1) towards St. 4 in the outer part of the bay (I). Schröder et al. 
(1998) found a similar gradient of decreasing nutrient concentrations with increasing distance 
from the Nakivubo Swamp. Figure 6 is based on the data collected in the period from April 
2003- March 2004 and illustrates the gradient of TP and TN from St. 1 to St. 4. At St. 1, the 
levels of TP and TN were varying from 70-600 µg L-1 and 500-5000 µg L-1, respectively, 
reflecting a highly variable input to the bay. At the other stations in the bay, the nutrient levels 
were less variable.  
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Figure 6 Average concentration and standard deviation (n=25) of a) total phosphorous (TP) and b) 
total nitrogen at the four stations in Murchison Bay in April 2003-March 2004 
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Despite the excessive amounts of nutrients entering the bay, the nutrient concentration 
decreased rapidly (I) and the phytoplankton biomass (II, III) was not as high as expected with 
respect to the nutrient input. Murchison Bay is an open system and is therefore also 
influenced by water exchange with the main lake. Likely, biotic uptake of nutrients causes 
some reduction of the nutrient concentrations in the bay, however, Kansiime and Nalubega 
(1999) pointed out that water exchange between the inner and outer parts of the bay may 
additionally be responsible for the dilution of pollutants from the Inner Murchison Bay. The 
water quality and the biological processes in a bay will be influenced both by the water from 
the watershed and the water exchange with the main lake.  
 
Seiches in great lakes are recognised to play a similar role to that of tides in marine 
environments in organizing the structure and function of estuaries, embayments and coastal 
ecosystems (Bedford, 1992; Keough, et al., 1999; Trebitz, 2006). Seiches are standing waves 
that move water up and down (Ji and Jin, 2006), and in coastal areas, seiche driven water 
level fluctuations can cause water exchange in shallow embayments (Trebitz, 2006). Seiches 
are mainly caused by wind and air pressure variation over the lake, but in addition there is a 
small component of astronomic tide that will modify the seiches (Trebitz, 2006). In the Great 
Lakes in North America, short-term water level fluctuations have a typical variation from a 
couple of cm to about 50 cm (Trebitz, 2006) and Mortimer (2004) stated that the Great Lakes 
are large enough to have substantial and persistent surface seiches. We therefore hypothesized 
that surface seiches in Lake Victoria might be a main factor in the water exchange in 
Murchison Bay, and thereby strongly affect the dilution process and water quality in the bay 
(I). Measurements of hourly water level at Entebbe showed a daily variation in water levels 
between 1.9 and 18.8 cm. Generally, there was one main maximum and one main minimum in 
water level each day, with additional 4-7 smaller maxima and minima. These water level 
variations seemed to be both a daily rhythm and more frequent oscillations appearing in 3-5 
hour cycles. On average, the total daily water level amplitude was 6.4 cm. We expected these 
fairly regular water level fluctuations to mainly be caused by surface seiches and thus the 
seiches caused water transport in and out of the bay. The daily water level fluctuations in 
Murchison Bay were in the same order of magnitude as found in other large lakes like Lake 
Okeechobee in Florida (Ji and Jin, 2006), and in the lower end of what has been recorded in 
the Great Lakes in North America (Trebitz, 2006). 
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In Murchison Bay, the incoming water from the catchment area had higher conductivity and 
nutrient concentrations than the water in the bay, and we could therefore calculate an 
estimated dilution of these parameters in the bay (I). Based on the measured water level 
fluctuation data, we performed simple calculations describing a seiche driven water exchange 
in Murchison Bay in order to investigate the dilution process in the bay (I). The calculations 
and equations used are described in detail in the materials and methods part of Paper I. 
Briefly, the volume of the daily water exchange between the bay and the lake was calculated 
as the average daily difference in water volume at maximum and minimum water level. Based 
on the volume of water in the bay (Schröder et al., 1998), the volume of water exchanged with 
the main lake (estimated on basis of water level fluctuation data, I) and the volume of water 
coming from the watershed (Schröder et al., 1998), we found a dilution factor of the incoming 
water of 9.6. The expected conductivity or nutrient concentration after mixing in the bay was 
calculated for each sampling date on the basis of the concentrations at St. 1 and at St. 4 and 
the estimated dilution ratio (9.6). A non-linear least square regression model was used to 
describe the reduction of the various components throughout the bay. The estimated values 
for each station were compared to the actually measured values of a given parameter at the 
same stations, and a good agreement between estimated and measured values would indicate 
that the water exchange was driven by seiches. The results showed a good agreement between 
estimated and measured conductivity in the bay (I). Conductivity is regarded to be 
biologically neutral, and therefore the accordance in measured and estimated conductivity 
supported our theory that seiches dominated the water exchange in the bay. The 
corresponding estimated and measured values of conductivity likely excludes a significant 
impact of other factors affecting water exchange, like currents driven by local wind or 
currents caused by inflowing water from the catchment area. TP and particularly PO4-P 
tended to be more reduced in the inner part of the bay when compared to the estimated values, 
and this is most likely due to biological uptake by phytoplankton and water hyacinths, and 
also sedimentation processes. The measured values of TN did not decrease accordingly to the 
estimated values, and this might be due to N-fixation. Murchison Bay is dominated by N-
fixing cyanobacteria, mostly of the genera Anabaena (II, III), and we found that the 
phytoplankton community is likely to be N-limited (II). N-fixing species of cyanobacteria are 
abundant both in inshore and offshore areas of Lake Victoria (Kling et al., 2001). Mugidde 
(2003) found that N-fixation in Napoleon Gulf, an inshore area in the northern part of Lake 
Victoria, significantly contributed to the overall N budget of this gulf.  
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The semi-enclosed Inner Murchison Bay has so far been regarded to have quite limited water 
exchange with the main lake (Schröder et al., 1998), but our results contradicted this view, 
and showed that there is a significant daily transport of water in and out of the bay (I). The 
water exchange in the bay caused a dilution of nutrients in Murchison Bay and thus mediated 
the eutrophication process in the bay. There was a rapid transport of nutrients to the open lake 
and this emphasizes the significance of Murchison Bay as a major contributor to the 
eutrophication process of Lake Victoria. However, water from the main lake will also be 
transported into the bay and thereby influence the bay ecosystem. Gikuma-Njuru and Hecky 
(2005) found similar values of TP, TN and Chl-a in Nyanza Gulf in the Kenyan part of the 
lake as we found in Murchison Bay. However, they found the TP concentrations to be higher 
in the open lake, than in the gulf, and they claimed that the gulf was a sink for P rather than 
contributing to the P values in the open lake. Our study has revealed that Murchison Bay has 
considerable water exchange with the main lake and is probably a more dynamic system than 
first recognized (I).  
 
4.3 Phytoplankton community and cyanobacterial dominance in Murchison Bay 
The phytoplankton community in Murchison Bay was studied in the period from April 2003-
March 2004 (II, III). We selected St. 2 as the representative site for the Inner Murchison Bay 
and St. 4 as a representative for the outer part of the bay (II, III). Our studies show that the 
phytoplankton community was dominated by cyanobacteria and diatoms. The cyanobacteria 
were equally dominant in both parts of the bay, whereas the diatoms were more abundant in 
the outer part of the bay. Species of Chlorophyceae and Cryptophyceae and different types of 
picoplankton (cell diameter < 2 µm) were present throughout the year, whereas species of 
Chrysophyceae, Dinophyceae and Euglenophyceae only were found at some occasions. The 
average total phytoplankton biovolume was 1.7 ± 1.0 mm3 L-1 (mean value SD, n=24) at St. 2 
and 2.6 ± 1.0 mm3 L-1 at St. 4 (II, III). The composition of phytoplankton in Murchison Bay 
is in accordance to other studies on phytoplankton in other inshore and coastal areas of Lake 
Victoria (Ochumba and Kibaara, 1989; Hecky and Bugenyi, 1992; Hecky, 1993; Gophen et 
al., 1995; Lung’ayia et al., 2000; Kling et al., 2001; Krienitz et al., 2002; Sekandende et al., 
2005).  
 
Despite the clear dominance of cyanobacteria in the phytoplankton community, the diatom 
Nitzschia acicularis was the single most abundant species in Murchison Bay and comprised 
about 28 % of the total biomass at St. 4 (II). At St. 2, this species was less dominant, but here 
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the diatom Aulacoseira granulata was the single most abundant species and constituted about 
15 % of the total biomass (II). This species was nearly absent at St. 4 (II). Other studies from 
inshore and coastal areas of Lake Victoria found a similar distribution pattern of these diatom 
species (Lung’ayia et al., 2000; Kling et al., 2001). In Murchison Bay, the silicon (Si) 
concentration was higher in the inner part of the bay and decreased to lower concentrations at 
St. 4 in the outer part of the bay (II), and this can explain the different distribution of the two 
diatom species. The increased nutrient input to Lake Victoria since the 1960s caused an 
overall increase in the diatom biomass and as a consequence, the concentration of dissolved Si 
has been depleted in the lake (Kilham et al., 1986; Hecky, 1993). Aulacoseira was earlier the 
most abundant diatom in the offshore areas of Lake Victoria, but is now excluded by the 
continuously low Si concentrations (Hecky, 1993; Kling et al., 2001) and can only be 
abundant in near-shore areas where there is input of Si from the catchment area. The smaller 
Nitzschia acicularis is less Si dependent (Kilham et al., 1986) and is now the most dominant 
diatom species in the offshore waters of Lake Victoria (Hecky, 1993; Kling et al., 2001). The 
total biomass was highest in the outer part of the bay, whereas the Chl-a concentration was 
higher in the inner part of the bay, and this is most likely due to the different composition of 
the phytoplankton community in the different parts of the bay with a very high proportion of 
the diatom Nitzschia acicularis in the outer part of the bay.  
 
More than 20 species of cyanobacteria were found in Murchison Bay (II, III). Species of the 
genus Anabaena (mainly Anabaena flos-aquae) were dominating at both stations in the bay, 
and constituted about 12 % (St. 2) and 25 % (St. 4) of the total phytoplankton biomass. Other 
abundant cyanobacterial species at St. 2 were (% of total biomass); Microcystis wesenbergii 
(11.6 %), Gomphosphaeria aponina (8.6 %), Microcystis aeruginosa (8.5 %), and 
Planktolyngbya circumcreta (6.2 %), and at St. 4; P. circumcreta (6.7 %), M. wesenbergii 
(5.8 %), and G. aponina (5.5 %) (II, III). The average total biomass of cyanobacteria was 1.0 
± 0.7 mm3 L-1 (mean value SD, n=24) at St. 2 and 1.6 ± 0.7 mm3 L-1 at St. 4 (II, III). Our data 
confirm the general view that Anabaena spp. are the most abundant cyanobacterial species in 
inshore and offshore waters in Lake Victoria (Talling, 1987; Ochumba and Kibaara, 1989; 
Lung’ayia et al., 2000; Kling et al., 2001). Other commonly reported cyanobacterial species in 
inshore areas are Microcystis sp., Planktolyngbya sp., and Aphanocapsa sp. (Talling, 1987; 
Lung’ayia et al., 2000; Kling et al., 2001; Sekandende et al., 2005).  
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Murchison Bay is situated at the equator where rainy and dry seasons create seasonal 
variations. The measured water temperatures were high over the whole year (23.3 - 27.8 °C; 
II, III), generally higher during the rainy seasons, but all in all comprising a good 
environment for phytoplankton growth. We did not observe higher biomass of phytoplankton 
during the rainy seasons (II), as found in other studies in inshore areas of Lake Victoria 
(Lung’ayia et al., 2000). However, the relative proportion of cyanobacteria and diatoms 
changed from rainy to dry seasons at both stations, with a higher proportion of cyanobacteria 
in the periods of dry season and a higher proportion of diatoms in the periods of rainy seasons 
(II). Earlier investigations also found a higher proportion of diatoms during rainy seasons in 
Lake Victoria (Talling, 1987; Lung’ayia et al., 2000; Kling et al., 2001). Cyanobacterial 
dominance is generally associated with high nutrient concentrations and eutrophication (e.g. 
Dokulil and Teubner, 2000). As already described, there was a substantial nutrient loading to 
the Inner Murchison Bay (I, II, III), and in general, the phytoplankton biovolume was 
comparably low over the whole study period (0.7-4.7 mm3 L-1 at St. 2 and 0.9-5.3 mm3 L-1 at 
St. 4) (II, III). In addition, the nutrient concentrations in Murchison Bay clearly increased in 
September 2003-March 2004 without any corresponding change of the phytoplankton 
biovolume (II, III). The average phytoplankton biomasses we found in our investigations (II, 
III) did not differ significantly from what was found by Källqvist et al. (1996) in the Inner 
Murchison Bay, whereas the nutrient loading has increased over the last decade. Taken 
together, it is likely that there is a limitation of the phytoplankton growth or that loss factors 
control the phytoplankton biovolume in Murchison Bay. Several factors have been proposed 
for regulating phytoplankton populations in Lake Victoria: N-limitation which favours N-
fixing cyanobacteria (Kling et al., 2001), self shading by high-chlorophyll standing crops 
(Mugidde, 1993), deep mixing depth in the open lake imposing light limitation (Mugidde, 
1993; Kling et al., 2001), light-limitation in inshore areas (Gikuma-Njuru and Hecky, 2005; 
Silsbe et al., 2006) the influence of dry or wet season (Lung’ayia et al., 2000), and depletion 
of silica (Verschuren et al., 2002). We estimated the euphotic depth to be 4 m in the outer part 
of the bay (depth, 12 m) and 3 m in the shallower inner part of the bay (depth 5 m) (II, III). 
The regular vertical mixing of the water column in Murchison Bay causes a frequent 
movement of the phytoplankton well below the euphotic zone, thus leading to possible light 
limitation in periods of the day, especially in the outer part of the bay. This regular mixing, 
however, may also counteract the effect of self-shading proposed by Mugidde (1993). Most 
cyanobacterial species can have maximal growth when PO4-P concentrations are >10 µg L-1, 
and in addition, most cyanobacterial species have a capacity to store P (Isvánovics et al., 
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2000). The concentrations of free PO4-P in Murchison Bay were >10 µg L-1 at both stations in 
the whole study period, and it is therefore likely that the phytoplankton growth was not 
limited by P. Lehman and Branstrator (1994) also concluded that the Lake Victoria 
phytoplankton rarely, if ever experienced P limitation. N-limitation can be suspected, since 
there were detected low NO3-N values (< 10 µg L-1) at both stations at most times of the study 
period. There was, however, a period of higher detected NO3-N concentrations at St. 2 in 
June-July without any detectable effect in the phytoplankton biomass. The composition of the 
cyanobacterial population was clearly different in the two parts of the bay, with a higher 
proportion of heterocystous N-fixing species like Anabaena sp. in the outer part of the bay, 
and a higher proportion of non-heterocystous species like Microcystis sp. in the inner part of 
the bay, thus indicating an effect of nitrogen on the cyanobacterial composition.  
 
Murchison Bay is a dynamic system with horizontal and vertical water movements causing 
continuous water turbulence (I, II, III), and this may strongly affect the development of 
phytoplankton in Murchison Bay. The continuous mixing of the water column may reduce the 
capability of buoyancy by cyanobacterial species with gas-vacuoles. In addition, the 
significant water exchange with the main lake is also likely to cause transport of 
phytoplankton in the bay. Regular fishing in Murchison Bay revealed an abundance of the 
phytoplankivorous Nile Tilapia, Oreochromis niloticus (Ronald Semyalo, unpublished 
results). Cyanobacteria account for a significant part of the diet of adult Nile Tilapia 
(McDonald, 1987) and studies have shown that this species may cause reduction of 
cyanobacteria in eutrophic water bodies (Miura, 1990; Datta and Jana, 1998). Therefore, 
grazing by phytoplanktivorous fish may also affect the phytoplankton community in 
Murchison Bay, but this was not investigated closer in our study. 
 
4.4 Microcystin production in Murchison Bay 
Several studies in Lake Victoria, ever since the beginning of the last century, have reported 
episodes of cyanobacterial blooms (for a review see Talling, 1987), and more recent records 
have reported increased mass populations of cyanobacteria, especially in near shore areas of 
the lake (eg. Ochumba and Kibaara, 1989; Hecky and Bugenyi, 1992; Hecky, 1993; Gophen 
et al., 1995; Lung’ayia et al., 2000; Kling et al., 2001; Krienitz et al., 2002; Sekandende et al., 
2005; papers II, III). There are comparably few reports on the occurrence of cyanotoxins, and 
to our knowledge, only two studies have investigated the presence of cyanotoxins 
(microcystins) in Lake Victoria (Krinietz et al., 2002; Sekadende et al., 2005). We therefore 
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aimed to study the occurrence of microcystins in Murchison Bay by analysing samples 
collected in the period from April 2003 to March 2004 at St. 2 and St. 4 (III). We detected 
microcystins in all samples at both stations, and there were times when the microcystin 
concentration exceeded the WHO guide line value of 1 µg L-1 MC for drinking water (III). 
We analysed for three different types of microcystins (MC-YR, MC-RR, MC-LR) and found 
all types at both stations throughout the studied year. Microcystin-RR was the most abundant 
type of microcystin, followed by MC-YR and –LR.  
 
We found species of Microcystis, Anabaena and Anabaenopsis in the diverse cyanobacterial 
population in Murchison Bay (II, III), and these genera are known to contain microcystin 
producing species (Sivonen and Jones, 1999; Codd et al., 2005a). Based on probability 
analysis (for details, see Paper III), M. aeruginosa and Anabaena sp. were identified as the 
possible microcystin producers in Murchison Bay. The t-values, however (III), were higher 
for M. aeruginosa than for Anabaena sp., indicating that most of the variation in microcystin 
concentration can be explained by the abundance of M. aeruginosa. M. aeruginosa is the most 
commonly reported bloom-forming species in lakes and reservoirs worldwide (e.g. 
Carmichael, 1996; Sivonen and Jones, 1999) and can produce microcystin in a variety of 
forms and with varying toxicity (Carmichael et al., 1988; Lee et al., 2000; Sivonen and Jones, 
1999). Lanaras and Cook (1994) have reported microcystin in bloom material dominated by 
Anabaenopsis millerii from Lake Porto Lagos, Greece, suggesting that members of the genus 
Anabaenopsis may produce microcystins. Species of Anabaena are also known microcystin 
producers (Sivonen and Jones, 1999; Codd et al., 2005a), but our analyses did not identify 
Anabaena sp. to contribute to the microcystin-production in Murchison Bay. We therefore 
concluded that M. aeruginosa most likely was the main microcystin producer among the 
species found in Murchison Bay (III). Krienitz et al. (2002) studied a dense cyanobacterial 
bloom dominated by Anabaena flos-aquae, Anabaena discoidea and Microcystis aeruginosa 
in Nyanza Gulf (Kenya) and found detectable values (< 1µg/L) of microcystin-RR, -LR, -LA 
and LF. The microcystin concentration was, however, comparably low relative to the biomass 
of potentially microcystin producing species. Sekadende et al. (2005) performed sampling 
over a four months period in Mwanza Gulf (Tanzania) and found microcystins (about 1 µg/L) 
in one sample dominated by the cyanobacterial species Aphanocapsa sp., Anabaena sp., 
Planktolyngbya spp. and Microcystis sp.  
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In paper II we studied the possible effect of environmental factors on the phytoplankton 
community in Murchison Bay, and in paper III we made an attempt to investigate the possible 
effects of environmental factors on the microcystin production in the bay. Several 
environmental factors, however, affect both the growth and composition of the cyanobacterial 
population as well as the production and composition of microcystins (e.g. Kotak, 2000; Oh et 
al., 2001), hence highlighting the invariable complexity in the relationship between 
cyanobacteria, microcystin concentration and environmental factors.  
 
We used correlation analyses and found that the most influencing environmental parameters 
on the microcystin concentration were TP, PO4-P, TN, Si and euphotic depth (III). The 
influence of light is important for cyanobacterial growth and microcystin production (Utkilen 
and Gjølme, 1992; Havens et al., 1998; Kaebernick et al., 2000; White et al., 2003; Kurmayer 
et al., 2003; Wiedner et al., 2003). We found that the phytoplankton in Murchison Bay may be 
influenced by light limitation (II), thus the microcystin production may also be influenced by 
the light climate in the bay (III). Nutrient dynamics can influence the cyanobacterial biomass 
as well as the microcystin concentration (Kotak et al., 2000; Oh et al., 2001). In this study, TP 
and TN were positively correlated with microcystin concentration (III) which is in 
accordance to other field studies (e.g Graham et al., 2004; Albay et al., 2005). In Murchison 
Bay, the highest microcystin concentration was detected at the same time as the highest 
detected biomass of M. aeruginosa and coincided with the highest detected concentrations of 
TP (140 µg L-1) and the third highest detected concentration of TN (1400 µg L-1)  in the 
studied period. An increase in the microcystin concentration after September 2003 (III) 
coincided with the increase in nutrient concentration in Murchison Bay in September 2003-
March 2004 (II, III). Graham et al. (2004) found highest microcystin production with 
increasing TP concentrations (maximum at 100-600 µg L-1) and increasing TN concentrations 
(maximum at 1500-4000 µg L-1). It is therefore most likely that the increase in N availability 
in Murchison Bay affected the microcystin production. We found that the phytoplankton 
community in Murchison Bay could be N limited (II), and it is therefore likely that an 
increase in N may influence the microcystin production (III).  
  
There was no good correlation between microcystin production and the total biomass of 
cyanobacteria (III), and this probably reflects the diverse cyanobacterial community in 
Murchison Bay consisting of both microcystin producing and non-producing strains. Studies 
have shown that a potential microcystin producing species like M. aeruginosa can consist of 
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both producing and non-producing strains (e.g. Shirai et al., 1991; Kurmayer et al., 2004; 
Paper IV). Further, the cellular microcystin concentration is strain dependant and can vary by 
several orders of magnitude between strains (Chorus, 2001). The microcystin production is 
therefore dependent on the strain composition and the regulation of microcystin biosynthesis 
in specific strains under certain environmental conditions. Individual strains also have 
different environmental optima for growth and microcystin production, and respond 
differently to changing environmental conditions (Sivonen, 1990; Véize et al., 2002). Taken 
together, nutrient availability and light climate seemed to be the most probable influencing 
environmental parameters on the microcystin production in Murchison Bay, however, the 
microcystin concentrations could not be predicted by a given environmental factor alone, by 
the biovolume of cyanobacteria or of certain cyanobacterial species (III).  
 
4.5 Phylogeny and characterisation of cyanobacterial strains from Murchison Bay and 
other East-African water bodies  
We isolated strains of Microcystis aeruginosa and Cylindrospermopsis raciborskii from 
Murchison Bay and other water bodies in the East African region and strains of C. raciborskii 
from Europe (see Table 2 and 3). The strains were morphologically, genetically and 
chemically characterized in order to obtain knowledge on the diversity and toxicity of these 
cyanobacterial species from this region (IV, V). We also analysed the phylogenetic 
relationship between strains of the same genus from different geographical origins, and 
assessed the overall genetic variation and distribution patterns of these species (IV, V).  
 
4.5.1 Microcystis aeruginosa 
M. aeruginosa has a cosmopolitan distribution (Komárek and Anagnostidis, 1999) and is one 
of the most studied species among cyanobacteria. The knowledge on its taxonomy, toxicity 
and diversity is increasing, however, few studies have included strains from the African 
continent. We isolated 24 strains of M. aeruginosa and found a large degree of morphological, 
genetical, and chemical diversity (IV).  
 
Traditionally, the assessment of diversity within M. aeruginosa has focused on morphological 
variation, such as cell size and colony shape (Watanabe, 1996). However, M. aeruginosa is 
known to comprise large morphological variability, and thus the differentiation within this 
species is difficult and several morphotypes can occur within the same population (Otsuka et 
al., 2000). Additionally, the morphology can change in response to environmental factors, 
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causing problems in the application of morphological criteria in the classification of M. 
aeruginosa (Dor and Hornoff, 1985). Strains of M. aeruginosa also tend to change their 
morphological characteristics when isolated and subjected to different culture conditions (e.g. 
Krüger et al., 1981; Komárek, 1991; Otsuka et al., 2000). Despite the possible changes of 
morphological features of isolates during culturing, we distinguished four morphotypes of M. 
aeruginosa among the isolated strains (IV). We sequenced the PC-IGS gene region and the 
ITS1 rDNA region of the isolated strains and found some correspondence between 
morphotypes and genotypes (IV). Several studies with these genetic markers have shown 
contradictory results; both various genotypes with uniform morphological characteristics 
(Kato et al., 1991; Nishihara et al., 1997; Otsuka et al., 1999; Bittencourt-Oliveira et al., 2001) 
and genotypes with poor consistence to morphology (Otsuka et al., 1999; 2000; Tillett et al., 
2001; Janse et al., 2004; Yoshida et al., 2005). Consequently, the concordance between 
morphological variation and genetic variation is often not clear in M. aeruginosa populations.  
 
The two genetic markers showed congruent phylogenies and discriminated 10 genotypes 
among the strains from East Africa (IV). We found four different genotypes among the 
thirteen strains isolated from Murchison Bay, and this is in accordance to previous studies that 
have found two to six genotypes in a single water body (Kato et al., 1991; Bolch et al., 1997; 
Bittencourt-Oliveira et al., 2001). It is, however, likely that the genetic diversity in the bay 
itself is higher due to the possibility that some clones of M. aeruginosa have low survival 
rates when isolated (Wilson et al., 2005). The phylogenetic analyses with the PC-IGS 
sequences of the East African M. aeruginosa strains and sequences from Microcystis spp. 
strains from different geographical regions showed a separation in three clusters (IV). Cluster 
I included most of the strains from Uganda and Kenya, in addition to strains of M. aeruginosa 
from (sub)-tropical regions like Australia and Brazil, with exception of a strain of M. flos-
aquae from USA. Cluster II comprised one strain from Uganda and one strain from Kenya, in 
addition to strains of M. aeruginosa and M. flos-aquae from all parts of the world. On the 
basis of the sequences included in this study, there seems to be one group (Cluster II) which 
includes the “cosmopolitan species” suggested for some temperate cyanobacterial species by 
Komàrek (1985). However, as noted by Bittencourt-Oliveira et al. (2001), the Microcystis sp. 
genotypes most likely represent a series of related populations sharing a common 
phylogenetic history.  
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Cyanobacterial populations typically comprise a number of coexisting oligopeptide 
chemotypes suitable for characterisation of intra-species diversity (Fastner er al., 2001; 
Welker et al., 2004; Rohrlack et al., 2008). MALDI-TOF-MS analysis of the M. aeruginosa 
strains detected different types of microcystins and an aeruginosin called microcin SF 608, in 
addition to some unknown aeruginosins and cyanopeptolins (IV). Based on oligopeptid 
composition, the strains in this study could be divided into ten chemotypes, and seven of them 
were found in Murchison Bay (IV). The oligopeptide diversity found among the strains in this 
study is in good agreement to findings from European lakes (Fastner er al., 2001; Welker et 
al., 2004, Rohrlack et al., 2008). Two strains from Uganda (Kazinga Channel) and two strains 
from Kenya (Pilsner Pond; Lake Naivasha) were microcystin producing, but they synthesized 
different types of microcystins (IV). Microcystin desmethyl-YR was produced by all four 
strains and microcystin-YR by three strains, whereas microcystin-LR only was produced by 
one strain. M. aeruginosa was identified to be the main microcystin producer among the 
species found in Murchison Bay (III), but none of the M. aeruginosa strains from Murchison 
Bay were microcystin producing (IV). Hence, the diversity of this species is probably higher 
in Murchison Bay than detected in this study. The M. aeruginosa strains possessed different 
level of diversity depending on whether genetic, chemical, or morphological methods were 
used for their characterisation, emphasising the importance of using a polyphasic approach 
when studying diversity within a cyanobacterial species.  
 
4.5.2 Cylindrospermopsis raciborskii 
C. raciborskii was originally described as a tropical cyanobacterium (Geitler and Ruttner, 
1936), but it is now increasingly expanding in temperate latitudes, becoming prevalent in 
temperate freshwater lakes world wide (Krienitz and Hegewald, 1996; Chapman and 
Schelske, 1997; Padisàk, 1997; Rücker et al., 1997; Druart and Briand, 2002; Wood and 
Stirling, 2003; Hamilton et al., 2005). Phylogenetic studies concerning C. raciborskii have 
revealed a geographic discrimination of strains (Dyble et al., 2002; Neilan et al., 2003; 
Gugger et al., 2005b); however, relatively few strains and often many of the same strains have 
been used in these studies. In our study, we isolated nine new strains of C. raciborskii from 
Uganda and Germany (V). The six Ugandan strains were isolated from Murchison Bay and 
Kazinga channel between Lake Edward and Lake George, a region considered by Padisák 
(1997) to be the possible origin of the species C. raciborskii. The three strains from Germany 
were isolated from Lake Zierkersee, one of the northernmost lakes where C. raciborskii has 
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been detected in Germany (Stüken et al., 2006). These strains therefore represent the invasive 
population of C. raciborskii found to be spreading in this region of north-eastern Germany.  
 
The strains from the two geographical regions possessed two different morphotypes. The 
African strains had flexuous trichomes, terminal heterocysts and lacked akinetes (V), whereas 
the European strains had straight trichomes, terminal heterocysts and produced akinetes (V). 
Straight, curved and flexuous morphotypes have been found in most parts of the world 
(Chapman and Schelske, 1997; Saker et al., 1999; Berger et al., 2006), though only straight 
morphotypes have been observed in Europe (e.g. Padisák, 1997; Couté et al., 1997; Stüken et 
al., 2006). In general, akinetes are rarely observed among C. raciborskii in tropical areas 
where the strains can persist in its vegetative form throughout the year (Saker et al., 2003). 
Strains growing in temperate areas, on the other hand, are more likely to develop akinetes as 
an adaptation to lower growth temperatures and ability to survive during winter periods.  
 
We analysed the strains chemically (by LC-MS/MS) for cylindrospermopsin production and 
genetically for the presence of cylindrospermiosin synthetase gene fragments (PKS and PS), 
but none of the strains were cylindrospermopsin producers (V). Cylindrospermopsin 
production is not found in any other strains of C. raciborskii from European water bodies 
(Fastner et al., 2003; Valério et al., 2005). Cylindrospermopsin has not been detected in 
strains from African water bodies (Berger et al., 2006), but Mohamed (2007) showed 
hepatotoxic effects in mouse bioassays. Cylindrospermopsin producing strains of C. 
raciborskii have been found in Australia and Asia (Li et al., 2001b; Hawkins et al., 1997; 
Saker et al., 1999), Brazilian strains of C. raciborskii have been reported to produce paralytic 
shellfish poisoning (PSP) toxin (Lagos et al., 1999) whereas many of the European strains are 
found to be hepatotoxic in the mouse bioassay (Bernard et al., 2003; Saker et al., 2003; 
Fastner et al., 2003).  
 
The strains of C. raciborskii were genetically characterised with respect to ITS1-L, PC-IGS, 
nifH and rpoC1 DNA regions and compared to corresponding sequences of C. raciborskii 
from other geographical regions (V). The phylogenetic analyses revealed a clustering of the 
strains due to geographic origin. The ITS1-L and nifH markers separated into American, 
European and Australian-African groups (V), thus congruent to earlier findings with nifH, 
ITS1-L and 16S rDNA markers (Dyble et al., 2002; Neilan et al., 2003 and Gugger et al., 
2005b). The PC-IGS and rpoC1 markers separated into American and 
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European/Australian/African groups (V), and this is in accordance to earlier findings with PG-
IGS (Dyble et al., 2002) and rpoC1 (Gugger et al., 2005b) markers. An analysis of 
concatenated data (ITS1-L+nifH+PC-IGS) supported the division into American, European 
and African/Australian groups, and even indicated a subdivision into an African and an 
Australian group (V). C. raciborskii showed a surprisingly low degree of diversity in 
comparison to other groups of cyanobacteria. Studies on M. aeruginosa (e.g. Bittencourt-
Oliveira et al., 2001; Wilson et al., 2005; Paper IV) and Planktothrix sp. (e.g. Mbedi et al., 
2005; Kurmayer and Gumpenberger, 2006) have revealed that even the genetic variation 
within a population in a single water body is considerable.  
 
Different existing theories have been proposed to explain the phylogeography of C. 
raciborskii; radiation to the other continents from a primary evolutionary centre in Africa 
(Padisàk, 1997), a more recent radiation to the other continents from a secondary evolutionary 
centre in Australia (Padisàk, 1997), or a present colonization across the continents from warm 
refugee areas within the respective continents (Gugger et al., 2005b). The results from our 
study do not permit any resolution concerning the origin of C. raciborskii. The genetic 
similarity between the sequences from Africa, Australia and Europe was high for all genetic 
markers used, whereas the American sequences were more diverse both within the strains 
from this continent and in comparison to the sequences from the other continents (V). There 
are, however, geographical differences within the species C. raciborskii and perhaps different 
mechanisms favour the expansion in temperate regions. In tropical areas, like East African 
water bodies, C. raciborskii can grow all year round (Padisàk, 1997). We found C. raciborskii 
in Murchison Bay throughout the year (II, III). The species has high temperature optima (> 
25 °C) (Padisàk, 1997), and therefore the proliferation in temperate regions has been proposed 
to be linked to increased water temperatures due to climatic change (Briand et al., 2004; 
Wiedner et al., 2007). Others have proposed that adapted ecotypes with a wide physiological 
tolerance may spread in temperate regions (Chonudomkul et al., 2004). Most likely, a 
combination of coexisting mechanisms enables C. raciborskii to proliferate into temperate 
areas. The spreading of cyanobacteria within and between continents is most likely a dynamic 
process enabling a continuous changing of the genotype composition of a population. 
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5 Human health aspects 
 
 
 
 
 
 
 
 
 
7th March 2008, New Vision (Ugandan national newspaper) (http://www.newvision.co.ug/PA/9/183/615463) 
 
Lake Victoria Bay turns green 
 
…”A thick layer of algae is floating on Lake Victoria near Gaba Water Works, the source of 
Kampalas piped water”… 
 
…”The problem is municipal waste and sewerage that flows untreated into the Nakivubo Channel 
and then into the lake”… 
 
…”People are exposed to health risks since many of them depend on raw water from the lake for 
cooking, drinking and other domestic uses”… 
 
Murchison Bay serves as a drinking water supply for Kampala and the two water works are 
situated at the shores of the Inner Murchison Bay (Fig. 3). The microcystin concentrations in 
Murchison Bay were at times higher than the WHO recommended limit of 1 µg L-1 for 
drinking water (III), possessing a health risk for lake water users. The water works use 
standard water treatment methods in the purification process. Sand filtration and standard 
coagulation and sedimentation methods will remove many cyanobacterial cells and 
chlorination can be effective in removing dissolved microcystin if used in sufficient 
concentrations and contact times (Hitzfield et al., 2000). Water from different steps in the 
purification process at the water works were analysed, and microcystins were not detected 
(data not presented). There is however a risk for exposure to microcystins for those using the 
lake water directly as drinking water. A local household survey in the parishes surrounding 
the Inner Murchison Bay revealed that 5-50 % of the local people used lake water for drinking 
water for animals and humans and for other domestic uses (Waiswa Dauda, pers. com.). To 
minimize harmful effects by using the lake water it is important to filter the water before use, 
for instance with bank filtration or by using a cloth (dense woven fabric).  
 
There is a need for urgent action in the water management in Murchison Bay in order to 
protect the unique water resources in this region and to obtain a secure sustainable water 
resources development. The most important actions are to 1) plan and sustainably manage the 
land use and the human activities in the wetland areas surrounding Murchison Bay; 2) 
improve the management of waste disposal; and 3) perform awareness raising among the local 
population.  
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6 Conclusions  
 
This study showed that:  
• Murchison Bay was strongly eutrophicated with average concentrations of total 
phosphorous > 90 µg L-1 and total nitrogen > 1100 µg L-1 in the inner part of the bay 
(I, II, III). 
• There was a rapid decrease in conductivity and nutrient concentrations from the 
innermost part of the bay to the outer part of the bay, and we found that surface 
seiches caused water exchange with the main lake and thereby mediated the 
eutrophication in the Inner Murchison Bay (I).  
• Murchison Bay is a more dynamic system than first recognized, and the rapid 
transport of nutrients to the open lake indicates that Murchison Bay contributes to the 
eutrophication process of Lake Victoria (I). 
• The phytoplankton community was dominated by a variety of cyanobacterial species 
and diatoms. The phytoplankton community, especially in the outer part of the bay, 
may be influenced by light limitation, and low NO3-N concentrations in the bay may 
also indicate a possible N-limitation, thus favouring growth of N-fixing cyanobacteria. 
The proportion of N-fixing species like Anabaena sp. was higher in the outer part of 
the bay whereas species like Microcystis sp. were more abundant in the inner part of 
the bay (II, III). 
• There were microcystins (MC-RR, -LR, -YR) in Murchison Bay, on average 1.1 µg L-
1 in the inner part of the bay and 0.6 µg L-1 in the outer part of the bay. Based on 
probability analysis, Microcystis aeruginosa was identified as the main microcystin 
producer, and the maximum total microcystin concentration of 2.98 µg L-1 was 
detected in the inner part of the bay and coincided with the highest detected biomass 
of M. aeruginosa. Nutrient availability and light climate seemed to be the most 
probable influencing environmental parameters on the microcystin production in 
Murchison Bay, but the microcystin concentrations could not be predicted by a given 
environmental factor alone, by the biovolume of cyanobacteria or of certain 
cyanobacterial species (III).  
• 24 strains of M. aerugionsa isolated from Murchison Bay and other lakes in the East-
African region possessed different levels of diversity depending on characterisation 
method. Four morphotypes were identified based on the traditional morphological 
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approach, 10 genotypes by DNA sequence comparison of the PC-IGS and ITS1 rDNA 
regions, and 10 chemotypes based on MALDI-TOF-MS oligopeptide analysis. The 
phylogenetic analyses showed that the East-African strains of M. aeruginosa were 
closely related to other strains of M. aeruginosa of different geographical regions. 
Only four of the 24 isolated strains from East Africa were found to produce 
microcystins, while oligopeptides belonging to the aeruginosin and cyanopeptolin 
class were detected in most strains (IV). 
• The phylogenetic analyses of nine strains of Cylindrospermopsis raciborskii isolated 
from Murchison Bay, Kazinga Channel (Uganda) and Zierker See (Germany) 
compared to other strains of C. raciborskii of different continents revealed a clustering 
of the strains due to geographic origin. The strains from Africa and Europe exhibited 
two different morphotypes and none of the strains produced cylindrospermopsin. C. 
raciborskii is increasingly spreading in temperate freshwater habitats world wide, and 
most likely, a combination of coexisting mechanisms enables C. raciborskii to 
proliferate into temperate areas.  
•  The Inner Murchison Bay serves as a drinking water supply for Kampala, the capital 
of Uganda, and the concentration of total microcystin in the bay was at times 
exceeding the WHO guide line value of 1 µg L-1 MC for drinking water. There is a 
risk for exposure to microcystins for those using the lake water directly as drinking 
water. 
 
This study has gained more knowledge regarding blooms of cyanobacteria in Lake Victoria 
and can be used as a basis for more research and management in Lake Victoria and other 
lakes in the region.  
 
 
 
 
 
 
 
 
 
 
 38
7 References 
 
Albay, M., Matthiensen, A., Codd, G.A., 2005. Occurrence of toxic blue-green algae in the 
Kucukcekmece Lagoon (Istanbul, Turkey). Environ. Toxicol. 20, 277-284.  
 
Albright, T.P., Moorhouse, T.G., McNabb, T.J., 2004. The rise and fall of Water Hyasinth in Lake 
Victoria and the Kagera River Basin, 1989-2001. J. Aquat. Plant Manage. 42, 73-84. 
 
Anagnostidis, K, Komárek, J., 1991. Modern approach to the classification system of cyanophytes. 5. 
Stigonematales. Algol. Stud. 50-53, 327-472.  
 
Babica, P., Bláha, L., Maršálek, B., 2006. Exploring the natural role of microcystins - A review of 
effects on photoautotrophic organisms. J. Phycol. 42, 9-20. 
 
Bagchi, S.N., Palod, A. and Chauvan, V.S., 1990. Algicidal properties of a bloom forming blue-green 
alga, Oscillatoria sp. J. Basic Microbiol. 30, 21-29. 
 
Ballot, A., Pflugmacher, S., Wiegand, C., Kotut, K., Krienitz, L., 2003. Cyanobacterial toxins in Lake 
Baringo, Kenya. Limnologica 33, 2-9. 
 
Ballot, A., Krienitz, L., Kotut, K., Wiegand, C., Metcalf, J.S., Codd, G.A., Pflugmacher, S., 2004. 
Cyanobacteria and cyanobacterial toxins in three alkaline Rift Valley lakes of Kenya -Lakes 
Bogoria, Nakuru, and Elmenteita. J. Plankt. Res. 26, 925-935. 
 
Ballot, A., Krienitz, L., Kotut, K., Wiegand, C., Pflugmacher, S., 2005. Cyanobacteria and 
cyanobacterial toxins in the alkaline crater lakes Sonachi and Simbi, Kenya. Harmful Algae 4, 
139-150. 
 
Banker, R., Carmeli, S., Hadas, O., Teltsch, B., Porat, R., Sukenik, A., 1997. Identification of 
cylindrospermopsin in the cyanobacterium Aphanizomenon ovalisporum (Cyanophyceae) isolated 
from Lake Kinneret. Isr. J. Phycol. 33, 613-616. 
 
Banker, R., Teltsch, B., Sukenik, A., Carmeli, S., 2000. 7-Epicylindrospermopsin, a toxic minor 
metabolite of the cyanobacterium Aphanizomenon ovalisporum from Lake Kinneret, Israel. J. Natural 
Products 63, 387-389. 
 
Barker, G. L. A., Hayes, P. K., O'Mahony, S. L., Vacharapiyasophon, P., Walsby, A. E., 1999. A 
molecular and phenotypic analysis of Nodularia (cyanobacteria) from the Baltic Sea. J. Phycol. 35, 
931-937. 
 
Bedford, K.W., 1992. The physical effects of the Great Lakes on tributaries and wetlands. J. Great 
Lakes Res. 18, 571-589. 
 
Belknap, W.R., Hazelkorn, R., 1987. Cloning and light regulation of expression of the phycocyanin 
operon in the cyanobacterium Anabaena. EMBO J. 6, 871-884.  
 
Bell, S.G., Codd, G.A., 1994. Cyanobacterial toxins and human health. Rev. Med. Microbiol. 5, 256-
264. 
 
Ben-Borath, J., Zehr, J. P., 1994. Detection and characterization of cyanobacterial nifH genes. Appl. 
Environ. Microbiol. 60, 880-887. 
 
Berger, C., Ba, N., Gugger, M., Bouvy, M., Rusconi, F., Coute, A., Troussellier, M., Bernard, C., 
2006. Seasonal dynamics and toxicity of Cylindrospermopsis raciborskii in Lake Guiers (Senegal, 
West Africa). FEMS Microbiol. Ecol. 57, 355-366. 
 39
Bernard, C., Harvey, M., Briand, J.F., Bire, R., Krys, S., Fontaine, J.J., 2003. Toxicological 
comparison of diverse Cylindrospermopsis raciborskii strains, evidence of liver damage caused by a 
French C. raciborskii strain. Environ. Toxicol. 18, 176-186. 
 
Bittencourt-Oliveira, M.C., Oliveira, M., Bolch, C.J.S., 2001. Genetic variability of Brazilian strains 
of the Microcystis aeruginosa complex (Cyanobacteria/Cyanophyceae) using the phycocyanin 
intergenic spacer and flanking regions (cpcBA). J. Phycol. 37, 810-818. 
 
Bolch, C.J.S., Blackburn, S.I., Neilan, B.A., Grewe, P.M., 1996. Genetic characterization of strains of 
cyanobacteria using PCR-RFLP of the cpcBA intergenic spacer and flanking regions. J. Phycol. 32, 
445-451. 
 
Bolch, C.J., Blackburn, S.I., Jones, G.J., Orr, P.T., Grewe, P.M., 1997. Plasmid content and 
distribution in Australian isolates of Microcystis Kützing ex Lemmermann (Cyanobacteria: 
Chroococcales). Phycologia 36, 6-11. 
 
Bootsma, H.A., Hecky, R.E., 2003. A comparative introduction to the biology and limnology of the 
African Great Lakes. J. Great Lakes Res. 29, 3-18. 
 
Briand, J.F., Leboulanger, C., Humbert, J.F., Bernard, C., Dufour, P., 2004. Cylindrospermopsis 
raciborskii (Cyanobacteria) invasion at mid-latitudes: Selection, wide physiological tolerance, or 
global warming? J. Phycol. 40, 231-238. 
 
Bury, N.R., Eddy, F.B., Codd G.A., 1995. The effects of the cyanobacterium Microcystis aeruginosa, 
the cyanobacterial hepatotoxin microcystin-LR and ammonia on growth rate and ionic regulation of 
brown trout. J. Fish Biol. 46, 1042-154. 
 
Byth, S., 1980. Palm Island mystery disease. Med. J. Aust. 2, 40-42. 
 
Calamari, D., Akech, M.O., Hecky, R. E., 1995. Pollution of Winam Gulf, Lake Victoria, Kenya: a 
case study for preliminary assessment. Lake and Reservoirs: Research and management 1, 89-106.  
 
Carmichael, W.W., Beasley, V., Bunner, D.L., Eloff, J.N., Falconer, I., Gorham, P., Harada, K.I, 
Krishnamurthy, T., Yu, M.J., Moore, R.E., Rinehart, K., Runnegar, M., Skulberg, O.M., Watanabe, 
M., 1988. Naming of cyclic heptapeptide toxins of Cyanobacteria (Blue-green algae). Toxicon 26, 
971-973. 
 
Carmichael, W.W., 1992. Cyanobacteria secondary metabolites - the cyanotoxins. J. Appl. Bacteriol. 
72, 445-459. 
 
Carmichael, W.W., 1994. Toxins of cyanobacteria. Sci. Am. 270, 64-70. 
 
Carmichael, W. W., Falconer, I. R., 1993. Diseases related to freshwater blue-green algal toxins, and 
control measures, In: Falconer, I.R., (Ed.), Algal Toxins in Seafood and Drinking Water, Academic 
Press, London, U.K. pp. 187-209.  
 
Carmichael, W.W., 1996. Toxic Microcystis and the environment. In: Watanabe, M.F., Harada, K., 
Charmichael, W.W., Fujiki, H., (Eds.), Toxic Microcystis. CRC Press, Boca Raton, USA, pp. 1-11. 
 
Carmichael, W.W., 1997. The cyanotoxins. Adv. Bot. Res. 27, 211-256. 
 
Castenholz, R.W., 2001. Phylum BX. Cyanobacteria. p. 473-599. In: Boone, D.R., Castenholz, R.W., 
(Eds.), Bergey’s manual of systematic bacteriology, 2nd edition, volume 1. Springer-Verlag. New 
York. 
 
 40
Chapman, A.D., Schelske, C.L., 1997. Recent appearance of Cylindrospermopsis (Cyanobacteria) in 
five hypereutrophic Florida lakes. J. Phycol. 33, 191-195. 
 
Chonudomkul, D., Yongmanitchai, W., Theeragool, G., Kawachi, M., Kasai, F., Kaya, K., Watanabe, 
M.M., 2004. Morphology, genetic diversity, temperature tolerance and toxicity of Cylindrospermopsis 
raciborskii (Nostocales Cyanobacteria) strains from Thailand and Japan. FEMS Microbiol. Ecol. 48, 
639-649. 
 
Chorus, I., 2001. Cyanotoxins, occurrence, causes consequences. Springer, Berlin, 357 pp. 
 
Christiansen, G., Fastner, J., Erhard, M., Börner, T., Dittmann, E., 2003. Microcystin biosynthesis in 
Planktothrix: genes, evolution, and manipulation. J. Bacteriol. 185, 564-572. 
 
Christoffersen, K., 1996. Ecological implications of cyanobacterial toxins in aquatic food webs. 
Phycologia 35, 42-50. 
 
Cocquyt, C., Vyverman, W., Compère, P., 1993. A Check-List of the Algal Flora of the East African 
Great Lakes (Malawi, Tanganyika and Victoria). National Botanic Garden of Belgium. Meise.  
 
Codd, G.A., Bell, S.G., Kaya, K., Ward, C.J., Beattie, K.A., Metcalf, J.S., 1999. Cyanobacterial 
toxins, exposure routes and human health. Eur. J. Phycol. 34, 405-415. 
 
Codd G.A., 2000. Cyanobacterial toxins, the perception of water quality, and the prioritisation of 
eutrophication control. Ecol. Eng. 16, 51-60. 
 
Codd, G.A., Morrison, L.F., Metcalf, J.S. 2005a. Cyanobacterial toxins: risk management for health 
protection. Toxicol. Appl. Pharm. 203, 264-272. 
 
Codd, G.A., Azevedo, S.M.F.O., Bagchi, S.N., Burch, M.D., Carmichael, W.W., Harding, W.R., 
Kaya, K., Utkilen, H.C. 2005b. CYANONET A Global Network for Cyanobacterial Bloom and Toxin 
Risk Management. Initial Situation Assessment and Recommendations. IHP-VI Technical Document 
in Hydrology N°76. UNESCO Working Series SC-2005/WS/55. 
 
Couté, A., Leitao, M., Martin, C., 1997. Premièr observation du genre Cylindrospermopsis 
(Cyanophyceae, Nostocales) en France. Cryptogamie Algol. 18, 57-70 [in French]. 
 
Datta (Saha), S., Jana, B.B., 1998. Control of bloom in a tropical lake: grazing efficiency of some 
herbivorous fishes. J. Fish. Biol. 53, 12-24. 
 
Dawson, R.M., 1998. The toxicology of microcystins. Toxicon 36, 953-962. 
 
DeMott, W.R, Moxter, F., 1991. Foraging on cyanobacteria by copepods: response to chemical 
defenses and resource abundance. Ecology 72, 1820-1834. 
 
DeMott, W.R., Zhang, Q.X., Carmichael, W.W., 1991. Effect of toxic cyanobacteria and purified 
toxins on the survival and feeding of a copepod and three species of Daphnia. Limnol. Oceanogr. 36, 
1346-1357. 
 
Dittmann, E., Erhard, M., Kaebernick, M., Scheler, C., Neilan, B.A., von Döhren, H., Börner, T., 
2001. Altered expression of two light-dependent genes in a microcystin-lacking mutant of Microcystis 
aeruginosa PCC 7806. Microbiology 147, 3113-3119. 
 
Dokulil, M.T., Teubner, K., 2000. Cyanobacterial dominance in lakes. Hydrobiologia 438, 1-12. 
 
 41
Dor, I., Hornoff, M., 1985. Studies on Aphanothece halophytica fremy from a solar pond: comparison 
of two isolates on the basis of cell polymorphism and growth response to salinity, temperature and 
light conditions. Bot. Mar. 28, 389-398. 
 
Druart, J.C., Briand, J.F., 2002. First record of Cylindrospermopsis raciborskii (Woloszyńska) 
Seenayya et Subba Raju (Cyanobacteria) in a lotic system in France. Ann. Limnol-Int. J. Lim. 38, 339-
342.  
 
Duy, T.N., Lam, P.K.S, Shaw, G.R, Connell, D.W., 2000. Toxicology and risk assessment of 
freshwater cyanobacterial (blue-green algal) toxins in water.  Rev. Environ. Contam. T. 163, 113-185.   
 
Dyble, J., Paerl, H.W., Neilan, B.A., 2002. Genetic characterization of Cylindrospermopsis raciborskii 
(cyanobacteria) isolates from diverse geographic origins based on nifH and cpcBA-IGS nucleotide 
analysis. Appl. Environ. Microbiol. 68, 2567-2571. 
 
Evans, J.H., 1962. The distribution of phytoplankton in some Central East African waters. 
Hydrobiologia 19, 299-315. 
 
Falconer, I. R., Choice, A., Hosja, W., 1992. Toxicity of edible mussels (Mytilus edulis) growing 
naturally in an estuary during a water bloom of the bluegreen alga Nodularia spumigena. Env. 
Toxicol. Water. Qual. 7, 119-123. 
 
Falconer, I.R., Hardy, S.J., Humpage, A.R., Froscio, S.M., Tozer, G.J., Hawkins, P.R., 1998. Hepatic 
and renal toxicity of the blue-green alga (cyanobacterium) Cylindrospermopsis raciborskii in male 
Swiss albino mice. Environ. Toxicol. 14, 143-150. 
 
Falconer, I.R., Humpage, A.R., 2001. Preliminary evidence for in vivo tumour initiation by oral 
administration of extracts of the blue-green alga Cylindrospermopsis raciborskii containing the 
toxin cylindrospermopsin. Environ. Toxicol. 16, 192-195. 
 
Fastner, J., Erhard, M., von Döhren, H., 2001. Determination of oligopeptide diversity within a natural 
population of Microcystis spp. (Cyanobacteria) by typing single colonies by matrix-assisted laser 
desorption ionization time of flight mass spectrometry. Appl. Env. Microbiol. 67, 5069-5076. 
 
Fastner, J., Heinze, R., Humpage, A.R., Mischke, U., Eaglesham, G.K., Chorus, I., 2003. 
Cylindrospermopsin occurence in two German lakes and preliminary assessment of toxicity and toxin 
production of Cylindrospermopsis raciborskii (Cyanobacteria) isolates. Toxicon 42, 313-321. 
 
Fergusson, K.M., Saint, C.P., 2000. Molecular phylogeny of Anabaena circinalis and its identification 
in environmental samples by PCR. Appl. Environ. Microbiol. 66, 4145-4148.  
 
Geitler, L., Ruttner, F., 1936. Die Cyanophyceen der Deutschen Limnologischen Sunda-Expedition, 
ihre Morphologie, Systematik und Ökologie. Archiv Hydrobiol. Suppl. 14, 308-483, 553-715 [in 
German].  
 
Gikuma-Njurua, P., Hecky, R. E., 2005. Nutrient concentrations in Nyanza Gulf, Lake Victoria, 
Kenya: Light limits algal demand and abundance. Hydrobiologia 534, 131-141. 
 
Giovannoni, S.J. Turner, S., Olsen, G.J., Barns, S., Lane, D.J., Pace, N.R., 1988. Evolutionary 
relationships among cyanobacteria and green chloroplasts. J. Bacteriol. 170, 3584-3592. 
 
Glazer, A.N., 1989. Light guides. Directional energy transfer in a photosynthetic antenna. J. Biol. 
Chem. 264, 1-4. 
 
 42
Gophen, M., Ochumba, P.B., Kaufman, L.S., 1995. Some aspects of perturbation in the structure and 
biodiversity of the ecosystem of Lake Victoria (East Africa). Aquat. Living Resour. 8, 27-41. 
 
Goudswaard, P.C., Witte, F., Katunzi, E.F.B., 2008. The invasion of an introduced predator, Nile 
perch (Lates niloticus, L.) in Lake Victoria (East Africa): chronology and causes. Environ. Biol. Fish. 
81, 127-139. 
 
Graham, J.L., Jones, J.R., Jones, S.B., Downing, J.A., Clevenger, T.E., 2004. Environmental factors 
influencing microcystin distribution and concentration in the Midwestern United States. Water Res. 
38, 4395-4404. 
 
Greuter, W., McNeill, J., Barrie, F.R., Burdet, H.M., Demoulin, V., Filgueiras, T.S., Nicolson, 
D.H., Silva, P.C., Skog, J.E., Trehane, P., Turland, N.J., Hawksworth, D.L., 2000. International code 
of botanical nomenclature (St Louis code). Regnum Vegetabile 138. Koeltz Scientific Books. 
Königstein. 474 pp. 
 
Gross, E. M., 2003. Allelopathy of aquatic autotrophs. Crit. Rev. Plant Sci. 22, 313-339. 
 
Gugger, M., Lenoir, S., Berger, C., Ledreux, A., Druart, J. C., Humbert, J. F., Guette, C., Bernard, C. 
2005a. First report in a river in France of the benthic cyanobacterium Phormidium favosum producing 
anatoxin-a associated with dog neurotoxicosis. Toxicon 45, 919-28. 
 
Gugger, M., Molica, R., Le Berre, B., Dufour, P., Bernard, C., Humbert, J.F., 2005b. Genetic diversity 
of Cylindrospermopsis strains (Cyanobacteria) isolated from four continents. Appl. Environ. 
Microbiol. 71, 1097-1100. 
 
Gürtler , V., Stanisich, V.A., 1996. New approaches to typing and identification of bacteria using the 
16S-23S rDNA spacer region. Microbiology 142, 3-16. 
 
Hamilton, P.B., Ley, L.M., Dean, S., Pick, F.R., 2005. The occurrence of the cyanobacterium 
Cylindrospermopsis raciborskii in Constance Lake, an exotic cyanoprokaryote new to Canada. 
Phycologia 44, 17-25. 
 
Harada, K.I., Ohtani, I., Iwamoto, K., Suzuki, M., Watanabe, M.F., Watanabe, M., Terao, K., 1994. 
Isolation of cylindrospermopsin from a cyanobacterium Umezakia natans and its screening method. 
Toxicon 32, 73-84. 
 
Havens, K.E., Phlips, E.J., Cichra, M.F., Li, B., 1998. Light availability as a possible regulator of 
cyanobacteria species composition in a shallow subtropical lake. Freshw. Biol. 39, 547-556. 
 
Hawkins, P.R., Runnegar, M.T.C., Jackson, A.R.B., Falconer, I.R., 1985. Severe hepatotoxicity caused 
by the tropical cyanobacterium (blue-green algae) Cylindrospermopsis raciborskii (Woloszyńska) 
Seenaya and Subba Raju isolated from a domestic water supply reservoir. Appl. Environ. Microbiol. 
50, 1292-1295.  
 
Hawkins, P.R., Chandrasena, N.R., Jones, G.J., Humpage, A.R., Falconer, I.R., 1997. Isolation and 
toxicity of Cylindrospermopsis raciborskii from an ornamental lake. Toxicon 35, 341-346. 
 
Hecky, R.E., Bugenyi, F.W.B., 1992. Hydrology and chemistry of the African Great Lakes and water 
quality issues: Problems and solutions. Mitt. Verein. Internat. Limnol. 23, 45-54. 
 
Hecky, R.E., 1993. The eutrophication of Lake Victoria. Verh. Internat. Verein. Limnol. 25, 39-48. 
 
Hecky, R.E., Bugenyi, F.W.B., Ochumba, P., Talling, J.F., Mugidde, R., Gophen, M., Kaufman, L., 
1994. The deoxygenation of Lake Victoria. Limnol. Oceanogr. 39, 1476-1481. 
 43
Hedges, S.B., Chen, H., Kumar, S., Wang, D.Y.-C., Thompson, A.S., Watanabe, H., 2001. A genomic 
timescale for the origin of eukaryotes. BMC Evol Biol 1, 4. 
 
Henriksen, P., Carmichael, W.W., An, J. and Moestrup, Ø. 1997 Detection of an anatoxin-a(s)-like 
anticholinesterase in natural blooms and cultures of cyanobacteria/blue-green algae from Danish lakes 
and in the stomach contents of poisoned birds. Toxicon, 35, 901-913. 
 
Hesse, K., Dittmann, E., Börner, T., 2001. Consequences of impaired microcystin production for light-
dependent growth and pigmentation of Microcystis aeruginosa PCC 7806. FEMS Microbiol Ecol 
37:39-43. 
 
Hitzfield, B.C., Hoger, S.J., Dietrich, D.R., 2000. Cyanobacterial toxins: Removal during drinking 
water treatment and human risk assessment. Environ. Health. Perspect. 108, 113-122. 
 
Hoffmann, L., 2005. Nomenclature of Cyanophyta/Cyanobacteria: roundtable on the unification of the 
nomenclature under the Botanical and Bacteriological codes. Arch. Hydrobiol. Suppl. 159. Algol. 
Stud. 117, 13-29. 
 
Honkanen, R.E., Zwiller, J., Moore, R.E., Daily, S.L., Khatra, B.S., Dukelow, M., Boynton, A.L., 
1990. Characterization of microcystin-LR, a potent inhibitor of type 1 and 2A protein phosphatases. J. 
Biol. Chem. 265, 19401-19404. 
 
Humpage, A.R., Fenech, M., Thomas, P., Falconer, I.R., 2000. Micronucleus induction and 
chromosome loss in transformed human white cells indicate clastogenic and aneugenic action of 
the cyanobacterial toxin, cylindrospermopsin. Mutat. Res. 472, 155-161. 
 
Humpage, A.R., Falconer, I.R., 2003. Oral toxicity of the cyanobacterial toxin cylindrospermopsinin 
male Swiss albino mice: determination of no observed adverse effect level for deriving a drinking 
water guideline value. Environ. Toxicol. 18, 94-103. 
 
Hyenstrand, P., Blomqvist, P., Petterson, A., 1998. Factors determining cyanobacterial success in 
aquatic systems - a literature review. Arch. Hydrobiol. Spec. Issues Advanc. Limnol. 51, 41-62. 
 
Ibelings, B.W, Chorus, I., 2007. Accumulation of cyanobacterial toxins in freshwater “seafood” and its 
consequences for public health: A review. Envir. Pollut. 150, 177-192.  
 
Istvánovics, V., Shafik, H. M., Présing, M., Juhos, S., 2000. Growth and phosphate uptake kinetics of 
the cyanobacterium Cylindrospermopsis raciborskii (Cyanophyceae) in throughflow cultures. 
Freshwat. Biol. 43, 257-275. 
 
Iteman, I., Rippka, R., de Marsac, N.T., Herdman, M., 2000. Comparison of conserved structural and 
regulatory domains within divergent 16S rRNA-23S rRNA spacer sequences of cyanobacteria. 
Microbiology 146, 1275-1286.  
 
Iteman, I., Rippka, R., de Marsac, N.T., Herdman, M., 2002. rDNA analyses of planktonic 
heterocystous cyanobacteria, including members of the genera Anabaenopsis and Cyanospira. 
Microbiology, 148, 481-496 
 
Janse, I., Kardinaal, W.E.A., Meima, M., Fastner, J., Visser, P.M., Zwart, G., 2004. Toxic and non-
toxic Microcystis colonies can be differentiated on the basis of rRNA gene internal transcribed spacer 
diversity. Appl. Env. Microbiol. 70, 3979-3987. 
 
Ji, Z. G., Jin, K.R., 2006. Gyres and seiches in a large and shallow lake. J. Great Lakes Res. 32, 764-
775.  
 44
Jochimsen, E. M., Carmichael, W. W., An, J., Cardo, D. M., Cookson, S. T., Holmes, C. E. M., de C. 
Antunes, M. B., de Melo Filho, D. A., Lyra, T. M., Barreto, V. S. T., Azevedo, S. M. F. O., Jarvis, W. 
R., 1998. Liver failure and death after exposure to microcystins at a hemodialysis center in Brazil. N. 
Engl. J. Med. 338, 873-878. 
 
Jähnichen, S., Petzoldt, T., Benndorf, J., 2001. Evidence for control of microcystin dynamics in 
Bautzen Reservoir (Germany) by cyanobacterial population growth rates and dissolved inorganic 
carbon. Arch. Hydrobiol. 150, 177-196. 
 
Kaebernick, M., Neilan, B.A., Börner, T., Dittmann, E., 2000. Light and the transcriptional response 
of the microcystin biosynthesis gene cluster. Appl. Environ. Microbiol. 66, 3387-3392. 
 
Kansiime, F., Nalubega, M., 1999. Wastewater treatment by natural wetlands: the Nakivubo swamp, 
Uganda. Processes and Implications. Ph.D. Thesis, IHE, Delft/Wageningen University. A.A. Balkema, 
Rotterdam, The Netherlands, 300 pp. 
 
Kansiime, F., H. Oryem-Origa, H., Rukwago, S., 2005. Comparative assessment of the value of 
papyrus and cocoyams for the restoration of the Nakivubo wetland in Kampala, Uganda. Phys. Chem. 
Earth 30, 698-705.  
 
Kato, T., Watanabe, M.F., Watanabe, M., 1991. Allozyme divergence in Microcystis (Cyanophyceae) 
and its taxonomic inference. Algol. Stud. 64, 129-140. 
 
Kehr, J.-C., Zilliges, Y., Springer, A., Disney, M.D., Ratner, D.D., Bouchier, C., Seeberger, P.H., 
Tandeau de Marsac, N., Dittmann, E., 2006. A mannan binding lectin is involved in cell-cell 
attachment in a toxic strain of Microcystis aeruginosa. Mol. Microbiol. 59, 893-906. 
 
Keough, J.R., Thompson, T.A., Guntenspergen, G.R., Wilcox, D.A., 1999. Hydrogeomorphic factors 
and ecosystem responses in coastal wetlands of the Great Lakes. Wetlands 19, 821–834. 
 
Kilham, P., Kilham, S.S., Hecky, R.E., 1986. Hypothesized resource relationships among African 
planktonic diatoms. Limnol. Oceanogr. 31, 1169-1181.  
 
Kirpenko, N.I., 1986. Phytopathic properties of blue-green alga toxin. Hydrobiology J. 22, 44-47. 
 
Kling, H.J., Mugidde, R. Hecky, R.E., 2001. Recent changes in the phytoplankton community of Lake 
Victoria in response to eutrophication. In: Munawar, M., Hecky, R.E., (Eds.), Great Lakes of the 
World: Food webs, health and integrity. Backhuys, Leiden, pp. 47-66. 
 
Komárek, J., 1985. Do all cyanophytes have a cosmopolitan distribution? Survey of the freshwater 
cyanophyte flora of Cuba. Algol. Stud. 38/39, 359-386. 
 
Komárek, J., Anagnostidis, K., 1989. Modern approach to the classification system of cyanophytes. 4. 
Nostocales. Arch. Hydrobiol. Suppl. 82, 247-345. 
 
Komárek, J., 1991. A review of water-bloom forming Microcystis species, with regard to populations 
from Japan. Algol. Stud. 64, 115-127. 
 
Komárek, J., Kling, H., 1991. Variation in six planktonic cyanophyte genera in Lake Victoria (East 
Africa). Arch. Hydrobiol. Suppl. 88, Algological Studies 61, 21-45. 
 
Komárek, J., Anagnostidis, K., 1999. Chroococcales. In: Ettl, H., Gärtner, G., Heynig, H., 
Mollenhauer, D., (Eds.), Cyanoprokaryota Teil 1. Süwasserflora von Mitteleuropa. Gustav Fischer. 
Jena, Germany. 
 
 45
Komárek, J., Anagnostidis, K., 2005. Oscillatoriales. In: Büdel, B., Gärtner, G., Krienits, L., Schagerl, 
M., (Eds.), Cyanoprokaryota  Teil 2. Süwasserflora von Mitteleuropa. Elsevier, München, Germany.  
 
Kotak, B. G., Zurawell, R. W., Prepas, E. E., Holmes, C. F. B., 1996. Microcystins-LR concentration 
in aquatic food web compartments from lakes of varying trophic status. Can. J. Fish. Aquat. Sci. 53, 
1974-1985. 
 
Kotak, B.G., Lam, A.K.-Y., Prepas, E.E., Hrudey, S.E., 2000. Role of chemical and physical variables 
in regulating microcystin-LR concentration in phytoplankton of eutrophic lakes. Can. J. Fish. Aquat. 
Sci. 57, 1584-1593. 
 
Krienitz, L., Hegewald, E., 1996. Über das Vorkommen von wärmeliebenden Blaualgenarten in einem 
norddeutschen Gewässer. Lauterbornia 26, 55-63 [in German]. 
 
Krienitz, L., Ballot, A., Wiegand, C., Kotut, K.,  Codd, G.A., Pflugmacher, S., 2002. Canotoxin-
producing bloom of Anabaena flos-aquae, Anabaena discoidea and Microcystis aeruginosa 
(Cyanobacteria) in Nyanza Gulf of Lake Victoria, Kenya. J. Appl. Bot. 76, 179-183. 
 
Krienitz, L., Ballot, A., Kotut, K., Wiegand, C., Putz, S., Metcalf, J.S., Codd, G.A., Pflugmacher, S., 
2003. Contribution of hot spring cyanobacteria to the mysterious deaths of Lesser Flamingos at Lake 
Bogoria, Kenya. FEMS Microbiol Ecol 2:141-148.  
 
Krüger, G.H.J., Elhoff, J.N., Pretorius, J.A., 1981. Morphological changes in toxic and non-toxic 
Microcystis isolates at different irradiance levels. J. Phycol. 17, 52-56.  
 
Kuiper-Goodman, T., Falconer, I., Fitzgerald, J., 1999. Human health aspects. In: Chorus, I., Bartram, 
J. (Eds.), Toxic cyanobacteria in water. E&FN Spon, London, pp. 113-153. 
 
Kurmayer, R., Christiansen, G., Chorus, I., 2003. The abundance of microcystin-producing genotypes 
correlates positively with colony size in Microcystis sp. and determines its microcystin net production 
in Lake Wannsee. Appl. Environ. Microbiol. 69, 787-795. 
 
Kurmayer, R., Christiansen, G., Fastner, J., Börner, T., 2004. Abundance of active and inactive 
microcystin genotypes in populations of the toxic cyanobacterium Planktothrix spp. Environ. 
Microbiol. 6, 831-841. 
 
Kurmayer, R., Gumpenberger, M., 2006. Diversity of microcystin genotypes among populations of the 
filamentous cyanobacteria Planktothrix rubescens and Planktothrix agardhii. Mol. Ecol. 15, 3849-
3861. 
 
Källqvist, T., Johansen, S.S., Löffler, H., 1996. Lake Victoria - Limnological study of Murchison Bay 
and Napoleon Gulf, Uganda, with references to water supply and wastewater disposal at Kampala and 
Jinja. Republic of Uganda, The World Bank, Norwegian Institute for Water Research, Department of 
zoology, University of Vienna. 
 
Lagos, N., Onodera, H., Zagatto, P.A., Andrinolo, D., Azevedo, S.M.F.O., Oshima, Y., 1999. The first 
evidence of paralytic shellfish toxins in the freshwater cyanobacterium Cylindrospermopsis 
raciborskii, isolated from Brazil. Toxicon 37, 1359-1373.  
 
Lahti, K., Vaitomaa, J., Kivimäki, A.-L., Sivonen, K., 1998. Fate of cyanobacterial hepatotoxins in 
artif icial recharge of groundwater and in bank filtration. In Peters J.H., et al., (Eds.). Artificial 
recharge of groundwater. Balkema. Rotterdam. pp. 211-216. 
 
Lanaras, T., Cook, C.M., 1994. Toxin extraction from an Anabaenopsis milleri - dominated bloom. 
Sci. Total Environ. 142, 163-169.  
 46
Lawton, L.A., Edwards, C., Codd, G.A., 1994. Extraction and hifh-performance liquid 
chromatographic method for the determination of microcystins in raw and treated waters. Analyst 119, 
1525-1530. 
 
Lee, S.J., Jang, M.H., Kim, H.S., Yoon, B.D., Oh, H.M., 2000. Variation of microcystin content of 
Microcystis aeruginosa relative to medium N:P ratio and growth stage. J. Appl. Microbiol. 89, 323-
329. 
 
Legrand, C., Rengefors, K., Fistarol, G. O., Graneli, E., 2003. Allelopathy in phytoplankton - 
biochemical, ecological and evolutionary aspects. Phycologia 42, 406-419. 
 
Lehman, J.T., Branstrator, D.K., 1994. Effects of nutrients and grazing on the phytoplankton of Lake 
Victoria. Ver. Internat. Verein. Limnol. 25, 850-855.  
 
Li, R.H., Carmichael, W.W., Brittain, S., Eaglesham, G.K., Shaw, G.R., Liu, Y.D., Watanabe, M.M., 
2001a. First report of the cyanotoxins cylindrospermopsin and deoxycylindrospermopsin 
from Raphidiopsis curvata (Cyanobacteria). J. Phycol. 37, 1121-1126. 
 
Li, R., Carmichael, W.W., Brittain, S., Eaglesham, G.K., Shaw, G.R., Mahakhant, A., 
Noparatnaraporn, N., Yongmanitchai, W., Kaya, K., Watanabe, M.M., 2001b. Isolation and 
identification of the cyanotoxin cylindrospermopsin and deoxy-cylindrospermopsin from a Thailand 
strain of Cylindrospermopsis raciborskii (Cyanobacteria). Toxicon 39, 973-980.  
 
Lindenschmidt, K.E., Suhr, M., Magumba, M.K., Hecky, R.E., Bugenyi, F.B.W., 1998. Loading of 
solute and sustended solids from rural catchment areas flowing into Lake Victoria in Uganda. Wat. 
Res. 32, 2776-2786. 
 
Lugomela, C., Pratap, H.B. Mgaya, Y.D., 2006. Cyanobacteria blooms - A possible cause of mass 
mortality of Lesser Flamingos in Lake Manyara and Lake Big Momela, Tanzania. Harmful Algae 5, 
534-541.  
 
Lung´ayia, H.B.O., M´harzi, A., Tackx, M., Gichuki, J. and Symoens, J.J., 2000. Phytoplankton 
community structure and environment in the Kenyan waters of Lake Victoria. Freshw. Biol. 43, 529-
543. 
 
Lung´ayia, H.B.O, Sitoki, L., Kenyanya, M., 2001. The nutrient enrichment of Lake Victoria (Kenyan 
waters). Hydrobiologia 458, 75-82. 
 
Laamanen, M.J., Gugger, M.F., Lehtimäki, K.H., Sivonen, K., 2001. Diversity of toxic and non-toxic 
Nodularia isolates (Cyanobacteria) and filaments from the Baltic Sea. Appl. Environ. Microbiol. 67, 
4638-4647.  
 
MacKintosh, C., Beattie, K.A., Klumpp, S., Cohen, P., Codd, G.A., 1990. Cyanobacterial microcystin-
LR is a potent and specific inhibitor of protein phosphatases 1 and 2A from both mammals and higher 
plants. FEBS Lett. 264, 187-192. 
 
Madigan, M.T., Martinko, J.M., Parker, J., 2003. Brock. Biology of microorganisms. 10th edition. 
Pearson Education. Upper Saddle River, New Jersey. 1019 pp. 
 
Marahiel, M.A., Stachelhaus, T., Mootz, H.D., 1997. Modular peptide synthetases involved in 
nonribosomal peptide synthesis. Chem. Rev. 97, 2651-2673. 
 
Matsunaga, S., Moore, R.E., Niemczura, W.P. and Carmichael, W.W. 1989. Anatoxin-a(s), a potent 
anticholinesterase from Anabaena flos-aquae. J. Amer. Chem. Soc., 111, 8021-8023. 
 
 47
Matsunaga, H., Harada, K.I., Senma, M., Ito, Y., Yasuda, N., Ushida, S., Kimura, Y., 1999. Possible 
cause of unnatural mass death of wild birds in a pond in Nishinomiya, Japan: Sudden appearance of 
toxic cyanobacteria. Nat. Toxins 7, 81-84.  
 
Mbedi, S., Welker, M., Fastner, J., Wiedner, C., 2005. Variability of the microcystin synthetase gene 
cluster in the genus Planktothrix (Oscillatoriales, Cyanobacteria). FEMS Microbial. Lett. 245, 299-
306.  
 
McDonald, M. E., 1987. Interactions between a phytoplanktivorous fish, Oreochromis 
niloticus, and two unialgal forage populations. Environ. Biol. Fish. 18, 229-234. 
 
Miura, T., 1990. The effects of planktivorous fishes on the plankton community in a eutrophic lake. 
Hydrobiology 567-579. 
 
Moffitt, M.C., Neilan, B.A., 2004. Characterization of the Nodularin synthetase gene cluster and 
proposed theory of the evolution of cyanobacterial hepatotoxins. Appl. Environ. Microbiol. 70, 6353-
6362. 
 
Mohamed, Z.A., Carmichael, W.W., Hussein, A.A., 2003 Estimation of microcystins in the freshwater 
fish Oreochromis niluticus in an Egyptian fish farm containing a Microcystis bloom, Environ. Toxicol. 
18, 137-141. 
 
Mohamed, Z.A., 2007. First report of toxic Cylindrospermopsis raciborskii and Raphidiopsis 
mediterranea (Cyanoprokaryota) in Egyptian fresh waters. FEMS Microbiol. Ecol. 59, 749-761. 
 
Moritz, C., Hillis, D.M., 1996. Molecular systematics: Context and controversies. In: Hillis, D.M., 
Moritz, C., Mabele, B.K., (Eds.), Molecular Systematics. Sinauer Associates Inc., Sunderland, pp. 1-
13.   
 
Mortimer, C.H., 2004. Lake Michigan in Motion: Responses of an Inland Sea to Weather, Earth-spin, 
and Human Activities. University of Wisconsin Press. Madison, WI. 304 pp. 
 
Mugidde, R., 1993. The increase in phytoplankton primary productivity and biomass in Lake Victoria 
(Uganda). Verh. Internat. Verein. Limnol. 25, 846-849. 
 
Mugidde, R., Hecky, R.E., Hendzel, L.L, Taylor, W.D., 2003. Pelagic nitrogen fixation in Lake 
Victoria (East Africa). J. Great Lakes Res. 29, 76-88. 
 
Mur, L.R., Skulberg, O.M., Utkilen, H., 1999. Cyanobacteria in the Environment. In: Chorus, I., 
Bartram, J., (Eds.), Toxic cyanobacteria in water. E&FN Spon, London, pp. 15-40. 
 
Mussagy, A., Annadotter, H, Cronberg, G., 2006. An experimental study of toxin production in 
Arthrospira fusiformis (Cyanophyceae) isolated from African waters. Toxicon 48, 1027-1034.  
 
Namikoshi, M. and Rinehart, K.L., 1996. Bioactive compounds produced by cyanobacteria. J. Ind. 
Microbiol. Biotechnol., 17, 373-384. 
 
Namikoshi, M., Murakami, T., Watanabe, M. F., Oda, T., Yamada, J., Tsujimura, S., Nagai, H., Oishi, 
S., 2003. Simultaneous production of homoanatoxin-a, anatoxin-a, and a new non-toxic 4-
hydroxyhomoanatoxin-a by the cyanobacterium Raphidiopsis mediterranea Skuja. Toxicon 42, 533-
538. 
 
Neilan, B. A., Cox P. T., Hawkins, P. R. Goodman, A. E., 1994. 16S ribosomal RNA gene sequence 
and phylogeny of toxic Microcystis sp. (cyanobacteria). DNA Sequence 4, 333-337. 
 
 48
Neilan, B.A., Jacobs, D., Goodman, A.E., 1995. Genetic diversity and phylogeny of toxic 
cyanobacteria determined by DNA polymorphisms within the phycocyanin locus. Appl. Environ. 
Microbiol. 61, 3875-3883. 
 
Neilan, B. A., Jacobs, D., del Dot, T., Blackall, L. L., Hawkins, P. R., Cox, P. T., Goodman, A. E., 
1997a. rRNA sequences and evolutionary relationships among toxic and non-toxic cyanobacteria of 
the genus Microcystis. Int. J. Syst. Bacteriol. 47, 693-697. 
 
Neilan, B. A., Stuart, J. L., Goodman, A. E., Cox, P. T., Hawkins, P. R., 1997b. Specific amplification 
and restriction polymorphisms of the cyanobacterial rRNA operon spacer region. System. Appl. 
Microbiol. 20, 612-621. 
 
Neilan, B.A., Saker, M.L., Fastner, J., Törökné, A., Burns, B.P., 2003. Phylogeography of the invasive 
cyanobacterium Cylindrospermopsis raciborskii. Mol. Ecol. 12, 133-140. 
 
Nelissen, B., Wilmotte, A., Neefs, J.-M., de Wachter, R., 1994. Phylogenetic relationships among 
filamentous helical cyanobacteria investigated on the basis of 16S ribosomal RNA gene sequence 
analysis. System. Appl. Microbiol. 17, 206-210. 
 
Nelissen, B., De Baere, R., Wilmotte, A., de Wachter, R., 1996. Phylogenetic relationships of 
nonaxenic filamentous cyanobacterial strains based on 16S rRNA sequence analysis. J. Mol. Evol. 42, 
194-200. 
 
Nishihara, H., Miwa, H., Watanabe, M., Nagashima, M., Yagi, O., Takamura, Y., 1997. Random 
amplified polymorphic DNA (RAPD) analyses for discriminating genotypes of Microcystis 
cyanobacteria. Biosci. Biotechnol. Biochem. 61, 1067-1072. 
 
Ochumba, P.B.O., Kibaara, D.I., 1989. Observations on blue-green algal blooms in the open waters of 
Lake Victoria, Kenya. Afr. J. Ecol. 27, 23-34. 
 
Ochumba, P.B.O., 1990. Massive fish kills within the Nyanza Gulf of Lake Victoria, Kenya. 
Hydrobiologia 208, 93-99. 
 
Oh, H.M., Lee, S.J., Kim, J.H., Kim, H.S., Yoon, B.D., 2001. Seasonal variations and indirect 
monitoring of microcystin concentrations in Daechung Reservoir, Korea. Appl. Environ. Microbiol. 
67, 1484-1489. 
 
Ohta, T., Sueoka, E., Iida, N., Komori, A., Suganuma, M., Nishiwaki, R., Tatematsu, M., Kim, S.-J., 
Carmichael, W. W. & Fujiki, H., 1994. Nodularin, a potent inhibitor of protein phosphatases 
1 and 2A, is a new environmental carcinogen in male F344 rat liver. Cancer Res. 54, 6402-6406. 
 
Ohtani, I., Moore, R.E., Runnegar, M.T.C., 1992. Cylindrospermopsin: a potent hepatotoxin from the 
blue-green alga Cylindrospermopsis raciborskii. J. Am. Chem. Soc. 114, 7941-7942. 
 
Oliver, R.L., Ganf, G.G., 2000. Freshwater blooms. In: Whitton, B.A, Potts, M., (Eds.), The Ecology 
of Cyanobacteria. Their Diversity in Time and Space. Kluwer Academic Publishers, Dordrecht. 
pp.149-194 
 
Onodera, H., Oshima, Y., Henriksen, P. and Yasumoto, T. 1997. Confirmation of anatoxin-a(s) in the 
cyanobacterium Anabaena lemmermannii as the cause of bird kills in Danish lakes. Toxicon 35, 1645-
1648. 
 
Oren, A., Tindall, B.J., 2005. Nomenclature of the cyanophyta/ cyanobacteria/ cyanoprokaryotes under 
the International Code of Nomenclature of Prokaryotes. Arch. Hydrobiol. Suppl. 159, Algol Stud 117, 
39-52. 
 49
Ostenfeld, C.-H., 1908. Phytoplankton aus dem Victoria Nyanza. In: Engler, A., (Ed.), Botanische 
Jahrbücher für Systematik, Pflanzengeschichte und Pflanzengeographie 41: 330-350, Verlag Wilhelm 
Engelmann, Leipzig. 
 
Otsuka, S., Suda, S., Li, R., Watanabe, M., Oyaizu, H., Matsumoto, S., Watanabe, M.M., 1999. 
Phylogenetic relationship between toxic and non-toxic strains of the genus Microcystis based on 16S 
to 23S internal transcribed spacer sequence. FEMS Microbiol. Lett. 172, 15-21. 
 
Otsuka, S., Suda, S., Li, R., Matsumoto, S., Watanabe, M.M., 2000. Morphological variability of 
colonies of Microcystis morphospecies in culture. J. Gen. Appl. Microbiol. 46, 39-50. 
 
Padisák, J., 1997. Cylindrospermopsis raciborskii (Woloszyńska) Seenayya et Subba Raju, an 
expanding highly adaptive blue-green algal species, worldwide distribution and review of its ecology. 
Arch. Hydrobiol. Suppl. 107, 563-593. 
 
Paerl, H.W., 1996. A comparison of cyanobacterial bloom dynamics in freshwater, estuarine and 
marine environments. Phycologia 35, 25-35. 
 
Paerl, H. W., Millie, D. F., 1996. Physiological ecology of toxic aquatic cyanobacteria. Phycologia 35, 
160-167. 
 
Paerl, H.W., Fulton, III, Moisander, P.H., Dyble, J., 2001. Harmful freshwater algal blooms, with an 
emphasis on cyanobacteria. TheScientificWorld. 1, 76-113. 
 
Pflugmacher, S, Wiegand, C, Beattie, KA, Codd, GA, Steinberg, CEW. 1998. Uptake of the 
cyanobacterial hepatptpxin microcystin-LR by aquatic macrophytes. J. Appl. Bot.-Angew. Bot. 72, 
228-232.  
 
Pflugmacher, S., 2002. Possible allelopathic effects of cyanotoxins, with reference to microcystin-LR, 
in aquatic ecosystems. Environ. Toxicol. 17, 407-413. 
 
Preuβel, K, Stuken, A, Wiedner, C, Chorus, I, Fastner, J, 2006. First report on cylindrospermopsin 
producing Aphanizomenon flos-aquae (Cyanobacteria) isolated from two German lakes. Toxicon 47, 
156-162. 
 
Rantala, A., Fewer, D.P., Hisbergues, M., Rouhiainen, L., Vaitomaa, J., Börner, T., Sivonen, K., 2004. 
Phylogenetic evidence for the early evolution of microcystin synthesis. Proc. Natl. Acad. Sci. 101, 
568-573. 
 
Rasmussen, U., Svenning, M.M., 1998. Fingerprinting of cyanobacteria base don PCR with primers 
derived from short and long tandemly repeated sequences. Appl. Environ. Microbiol. 64, 265-272.   
 
Reynolds, C. S., 1987. Cyanobacterial water-blooms. Adv. Bot. Res., 13, 67-143. 
 
Riemann, B., Christoffersen, K., 1993 Microbial trophodynamics in temperate lakes. Mar. Microb. 
Food Webs 7, 69-100. 
 
Rinehart, K. L., Harada, K.-I., Namikoshi, M., Chen, C., Harvis, C. A., Munro, M. H. G., Blunt, J. W., 
Mulligan, P. E., Beasley, V. R., Dahlem, A. M., Carmichael, W. W., 1988. Nodularin, microcystin, 
and the configuration of Adda. J. Am. Chem. Soc. 110, 8557-8558. 
 
Rippka, R., Deruelles, J., Waterbury, J. B., Herdman, M., Stanier, R. Y.,  1979. Generic assignments, 
strain histories and properties of pure cultures of cyanobacteria. J. Gen. Microbiol. 111, 1-61. 
 
 50
Rippka, R., Castenholz, R.W., Herdman, M., 2001. Subsection IV. (Formerly Nostocales (Castenholz 
1989b sensu Rippka, Deruelles, Waterbury, Herdman and Stanier 1979). In: Boone, D.R., Castenholz, 
R.W., (Eds.), Bergey´s Manual of Systematic Bacteriology. Second edition, Springer, New York, 
Berlin. pp. 562-589. 
 
Rohrlack, T., Dittmann, E., Henning, M., Börner, T., Kohl, J., 1999. Role of microcystins in poisoning 
and food ingestion inhibition of Daphnia galeata caused by the cyanobacterium Microcystis 
aeruginosa. Appl. Environ. Microbiol. 65, 737-739. 
 
Rohrlack, T., Dittmann, E., Borner, T., Christoffersen, K., 2001. Effects of cell-bound microcystins on 
survival and feeding of Daphnia spp. Appl. Environ. Microbiol. 67, 3523-3529. 
 
Rohrlack, T., Edvardsen, B., Skulberg, R., Halstvedt, C.B., Utkilen, H.C., Ptacnik, R., Skulberg, O.M., 
2008. Oligopeptide chemotypes of the toxic freshwater cyanobacterium Planktothrix can form 
subpopulations with dissimilar ecological traits. Limnol Oceanogr. In press 
 
Rouhiainen, L., Vakkilainen, T., Siemer, B.L., Buikema, W., Haselkorn, R., Sivonen, K., 2004. Genes 
coding for hetatotoxic heptapeptides (microcystins) in the cyanobacterium Anabaena strain 90. Appl. 
Environ. Microbiol. 70, 686-692. 
 
Rudi, K., Skulberg, O. M., Larsen, F., Jakobsen, K. S., 1997. Strain characterization and classification 
of oxyphotobacteria in clone cultures on the basis of 16S rRNA sequences from the variable regions 
V6, V7, and V8. Appl. Environ. Microbiol. 63, 2593-2599. 
 
Rücker, J., Wiedner, C., Zippel, P., 1997. Factors controlling the dominance of Planktothrix agardhii 
and Limnothrix redekeii in eutrohpic shallow lakes. Hydrobiologia 342, 107-115. 
 
Saker, M.L., Thomas, A.D., Norton, J.H., 1999. Cattle mortality attributed to the toxic cyanobacterium 
Cylindrospermopsis raciborskii in an outback region of north Queensland. Environ. Toxicol. 14, 179-
183.  
 
Saker, M.L., Nogueira, I.C.G., Vasconcelos, V.M., Neilan, B.A., Eaglesham, G.H., Pereira, P., 2003. 
First report and toxicological assessment of the cyanobacterium Cylindrospermopsis raciborskii from 
Portuguese freshwaters. Ecotoxicol. Environ. Saf. 55, 243-250. 
 
Schatz, D., Keren, Y., Vardi, A., Sukenik, A., Carmeli, S., Börner, T., Dittmann, E., Kaplan, A., 2007. 
Towards clarification of the biological role of microcystins, a family of cyanobacterial toxins. 
Environ. Microbiol. 9, 965-970.  
 
Schmidle, W., 1902. Das Chlorophyceenplankton des Nyassa und einiger anderer innerafrikanischer 
Seen. Ibidem 33: 1-33. 
 
Schopf, J.W., 2000. The fossil record/cyanobacterial lineage. In: Whitton, B.A., Potts, M., (Eds.), The 
Ecology of Cyanobacteria, Their Diversity in Time and Space. Kluwer Academic Publishers 
Dordrecht. pp.13-35. 
 
Schröder, H., Dørge, J., Nielsen, S. C.,  Thygesen, N., Ipsen, N., 1998. Kampala water quality 
monitoring programme - Murchison Bay water quality project. Ministry of natural resources National 
Water & Sewerage Corporation & COWI/VKI.  
 
Sekadende, B.C., Lyimo, T.J., Kurmayer, R., 2005. Microcystin production by cyanobacteria in the 
Mwanza Gulf (Lake Victoria, Tanzania). Hydrobiologia 543, 299-304. 
 
Shen, X., Lam, P.K.S, Shaw, G.R., Wickramasinghe, W., 2002. Genotoxicity investigation of a 
cyanobacterial toxin, cylindrospermopsin. Toxicon 40, 1499-1501. 
 51
Shirai, M., Ohtake, A., Sano, T. Matsumoto, S., Sakamoto, T., Sato, A., Aida, T., Harada, K., 
Shimada, T., Suzuki, M., 1991. Toxicity and toxins of natural blooms and isolated strains of 
Microcystis spp. (Cyanobacteria) and improved procedure for purification of cultures. Appl. Environ. 
Microbiol. 57, 1241-1245. 
 
Silsbe, G.M., Hecky, R. E., Guildford, S. J., Mugidde, R., 2006. Variability of chlorophyll a and 
photosynthetic parameters in a nutrient-saturated tropical great lake. Limnol. Oceanogr. 51, 2052-
2063.  
 
Simonit, S., Perrings, C., 2005. Indirect economic indicators in bio-economic fishery models: 
Agricultural price indicators and fish stocks in Lake Victoria. ICES J. Mar. Sci. 62, 483-492. 
 
Sivonen, K., 1990. Effects of light, temperature, nitrate, orthophosphate, and bacteria on growth of and 
hepatotoxin production by Oscillatoria agardhii strains. Appl. Environ. Microbiol. 56, 2658-2666. 
 
Sivonen, K., 1996. Cyanobacterial toxins and toxin production. Phycologia 35, 12-24. 
 
Sivonen, K., Jones, G., 1999. Cyanobacterial toxins. In: Chorus, I., Bartram, J., (Eds.), Toxic 
cyanobacteria in water. E&FN Spon, London, pp. 41-111. 
 
Skulberg, O.M., Carmichael, W.W., Anderson, R.A., Matsunaga, S., Moore, R.E. and Skulberg, R. 
1992. Investigations of a neurotoxic Oscillatorialean strain (cyanophyceae) and its toxin. Isolation and 
characterization of homoanatoxin-a. Env. Toxicol. Chem. 11, 321-329. 
 
Spiegel, R.H., Coulter, G.W., 1996. Comparison of hydrology and physical limnology of the East-
African Great Lakes: Tanganyika, Malawi, Victoria, Kivu and Turkana (with reference to some North 
American Great Lakes. In: Johnson, T.C., Odada, E., (Eds.), The Limnology, Climatology and 
Paleoclimatology of the East-African Lakes. Gordon and Breach, Toronto, pp. 103-140. 
 
Spoof, L., Berg, K.A., Rapala, J., Lahti, K., Lepisto, L., Metcalf, J.S., Codd, G.A., Meriluoto, J., 2006. 
First observation of cylindrospermopsin in Anabaena lapponica isolated from the boreal environment 
(Finland). Environ. Toxicol. 21, 552-560. 
 
Stam, W.T., 1980, Relationships between a number of filamentous blue-green algal strains 
(Cyanophyceae) revealed by DNA-DNA hybridisation. Algol. Stud. 25, 351-374.  
 
Sturmbauer, C., Meyer, A., 1992. Genetic.divergence, speciation and morphological stasis in a lineage 
of African cichlid fishes. Nature 358, 578-581.  
 
Stüken, A., Rücker, J., Endrulat, T., Preussel, K., Hemm, M., Nixdorf, B., Karsten, U., Wiedner, C., 
2006. Distribution of three alien cyanobacterial species (Nostocales) in northeast Germany, 
Cylindrospermopsis raciborskii, Anabaena bergii and Aphanizomenon aphanizomenoides. Phycologia 
45, 696-703. 
 
Talling, J.F., 1966. The annual cycle of stratification and phytoplankton growth in Lake Victoria (East 
Africa). Int. Revue ges. Hydrobiol. 51, 545-621. 
 
Talling, J.F., 1987. The phytoplankton of Lake Victoria (East Africa). Arch. Hydrobiol. Beih. Ergebn. 
Limnol. 25, 229-256. 
 
Tencalla, F.G., Dietrich, D.R., Schlatter, C., 1994. Toxicity of Microcystis aeruginosa peptide toxin to 
yearling rainbow trout (Oncorhynchus mykiss). Aquat. Toxicol. 30, 215-224. 
 
 52
Tillett, D., Dittmann, E., Erhard, M., von Döhren, H., Börner, T., Neilan, B.A., 2000. Structural 
organization of microcystin biosynthesis in Microcystis aeruginosa PCC 7806: an integrated peptide-
polyketide synthetase system. Chem. Biol. 7, 753-764. 
 
Tillett, D., Parker, D.L., Neilan, B.A., 2001. Detection of toxigenicity by a probe for the microcystin 
synthetase A gene (mcyA) of the cyanobacterial genus Microcystis: Comparison of toxicities with 16S 
rRNA and phycocyanin operon (Phycocyanin intergenic spacer) phylogenies. Appl. Environ. 
Microbiol. 76, 2810-2818. 
 
Trebitz, A.S., 2006. Characterizing seiche and tide-driven daily water level fluctuations affecting 
coastal ecosystems of the Great Lakes. J. Great Lakes Res. 32, 102-116.  
 
Twongo, T., 1991. Status of Water Hyacinth in Uganda. In: Greathead, A., de Groot, P., (Eds.), 
Control of Africa’s Floating Water Weeds. Commonwealth Sci. Council, Zimbabwe, pp. 111-124.  
 
Utkilen, H., Gjølme, N., 1992. Toxin production by Microcystis aeruginosa as a function of light in 
continuous cultures and its ecological significance. Appl. Environ. Microbiol. 58, 1321-1325. 
 
Utkilen, H., Gjølme, N., 1995. Iron-stimulated toxin production in Microcystis aeruginosa. Appl. 
Environ. Microbiol. 61, 797-800. 
 
Valério, E., Pereira, P., Saker, M.L., Franca, S., Tenreiro, R., 2005. Molecular characterization of 
Cylindrospermopsis raciborskii strains isolated from Portuguese freshwaters. Harmful Algae 4, 1044-
1052. 
 
Véize, C., Rapala, J., Vaitomaa, S.J., Sivonen, K., 2002. Effects of nitrogen and phosphorus on growth 
of toxic and non-toxic Microcystis strains and on intracellular microcystin concentrations. Microb. 
Ecol. 43, 443-454. 
 
Verschuren, D., Johnson, T.C., Kling, H.J., Edgington, D.N., Leavitt, P.R., Brown, E.T., Talbot, M.R., 
Hecky, R.E., 2002. The chronology of human impact on Lake Victoria, East Africa. Proc. R. Soc. 
Lond. B. 269, 289-294. 
 
Vezie, C., Brient, L., Sivonen, K., Bertru, G., Lefeuvre, J.C., Salkinoja-Salonen, M., 1998. Variation 
of microcystin content of cyanobacterial blooms and isolated strains in Lake Grand-Lieu (France). 
Microb. Ecol., 35, 126-135. 
 
Walsby, A. E., 1994. Gas vesicles. Microbiol. Rev., 58, 94-144. 
 
Watanabe, M. M., Kaya, K., Takamura, N., 1992. Fate of the toxic cyclic heptapeptides, the 
microcystins, from blooms of Microcystis (cyanobacteria) in a hypertrophic lake. J. Phycol. 28, 761-
767. 
 
Watanabe, M., 1996. Isolation, cultivation, and classification of bloom-forming Microcystis 
aeruginosa, In: Watanabe, M. F., Harada, K. , Carmichael, W. W.,  Fujiki, H., (Eds.), Toxic 
microcystis. CRC Press, Boca Raton, USA, pp. 13–34. 
 
Welker, M., Brunke, M., Preussel, K., Lippert, I., von Döhren, H., 2004. Diversity and distribution of 
Microcystis (Cyanobacteria) oligopeptide chemotypes from natural communities studied by single-
colony mass spectrometry. Microbiology 150, 1785-1796.  
 
Welker, M., von Döhren, H., 2006. Cyanobacterial peptides-Nature’s own combinatorial biosynthesis. 
FEMS Microbiol. Rev. 30, 530-563. 
 
 53
White, S.H., Fabbro, L.D., Duivenvoorden, L.J., 2003. Changes in cyanoprokaryote populations, 
Microcystis morphology, and microcystin concentrations in Lake Elphinstone (Central Queensland, 
Australia). Environ. Toxicol. 18, 403-412. 
 
Wiedner, C., Visser, P.M., Fastner, J., Metcalf, J.S., Codd, G.A., Mur, L.R., 2003. Effects of light on 
the microcystin content of Microcystis strain PCC 7806. Appl. Environ. Microbiol. 69, 1475-1481. 
 
Wiedner, C., Rücker, J., Brüggemann, R., Nixdorf, B., 2007. Climate change affects timing and size of 
populations of an invasive cyanobacterium in temperate regions. Oecologia 152, 473-484. 
 
Wilmotte, A., Golubic, S., 1991. Morphological and genetic criteria in the taxonomy of 
Cyanophyta/Cyanobacteria. Algol. Stud. 64, 1-24.  
 
Wilmotte, A., 1994. Molecular evolution and taxonomy of cyanobacteria. In: Bryant, D.A., (Ed.), The 
Molecular Biology of Cyanobacteria, Kluwer, Dordrecht, pp.1-25. 
 
Wilmotte, A., Herdman, M., 2001. Phylogenetic relationships among the cyanobacteria based on 16S 
rRNA sequences. In: Boone, D.R. and Castenholz R.W. (Eds.) Bergey´s Manual of Systematic 
Bacteriology. Second edition, Springer, New York. pp. 487-493. 
 
Wilson, K.M., Schembri, M.A., Baker, P.D., Saint, C.P., 2000. Molecular characterisation of the toxic 
cyanobacterium Cylindrospermopsis raciborskii and design of a species-specific PCR. Appl. Environ. 
Microbiol. 66, 332-338.  
 
Wilson, A.E., Sarnelle, O., Neilan, B.A., Salmon, T.P., Gehringer, M.M., Hay, M.E., 2005. Genetic 
variation of the bloom-forming cyanobacterium Microcystis aeruginosa within and among lakes: 
Implications for harmful algal blooms. Appl. Env. Microbiol. 71, 6126-6133. 
 
Witte, F., van Oijen, M.J.P., 1990. Taxonomy, ecology and fishery of Lake Victoria haplochromine 
trophic groups. Zool. Verh. Leiden 262, 1-47. 
 
Witte, F., Goldschmidt, P.T., Goudswaard, P.C., Ligtvoet, W., van Ooijen, M.J.P., Wanink, J.H., 
1992. Species extinction and concomitant ecological changes in Lake Victoria. Neth. J. Zool. 42, 214-
232. 
 
Whitton, B.A. and Potts, M., 2000. Introduction to the cyanobacteria. In: Whitton, B.A., Potts, M., 
(Eds.), The ecology of cyanobacteria. Their Diversity in Time and Space. Kluwer Academic 
Publishers, Dordrecht. pp. 1-11. 
 
WHO, 1998. Guidelines for drinking-water quality. Second edition, addendum to volume 2: Health 
criteria and other supporting information. World Health Organization, Geneva.  
 
Woese, C.R., Sogin, M., Stahl, D., Lewis, B.J., Bonen, L., 1976. A comparison of the 16S ribosomal 
RNAs from mesophilic and thermophilic bacilli: some modifications in the Sanger method for RNA 
sequencing. J. Mol. Evol. 7, 197-213. 
 
Woese, C.R., 1987. Bacterial evolution. Microbial. Rev. 51, 221-271. 
 
Wood, S.A., Stirling, D.J., 2003. First identification of the cylindrospermopsin-producing 
cyanobacterium Cylindrospermopsis raciborskii in New Zealand. New Zealand J. Mar. Freshw. Res. 
37, 821-828. 
 
Worthington, E.B., 1930. Observations on the temperature, hydrogen-ion concentration, and other 
physical conditions of the Victoria and Albert Nyanzas. Int. Rev. ges. Hydrobiol. 24, 164-168. 
 
 54
Yoo, R.S., Carmichael, W.W., Hoehn, R.C., Hrudey, S.C., 1995. Cyanobacterial (Blue-Green Algal) 
Toxins: A Resource Guide. American Water Works Association Research Foundation, Denver, Co, 
229 pp. 
 
Yoshida, M., Yoshida, T., Takashima, Y., Kondo, R., Hiroishi, S., 2005. Genetic diversity of the toxic 
cyanobacterium Microcystis in Lake Mikata. Environ. Toxicol. 20, 229-234. 
 
Yoshizawa, S., Matsushima, R., Watanabe, M.F., Harada, K.-I., Ichihara, A., Carmichael, W.W., 
Fujiki, H., 1990. Inhibition of protein phosphatases by microcystins and nodularin associated with 
hepatotoxicity. J. Cancer Res. Clin. Oncol. 116, 609-614. 
 
Yu, S.-Z., 1995. Primary prevention of hepatocellular carcinoma. J. Gastroenterol. Hepatol. 10, 674-
682. 
 
Zurawell, R. W., Kotak, B. G., Prepas, E. E., 1999. Influence of lake trophic status on the occurrence 
of microcystin-LR in the tissue of pulmonate snails. Freshwater Biol. 42, 707-718. 
 
 
 55

